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Preface 


The  Fourteenth  International  Conference  on  Atomic  Physics  (ICAP-14)  was  held  at 
the  University  of  Colorado,  in  Boulder,  Colorado,  USA,  July  31  through  August  5,  1994. 
This  biennial  meeting  has  become  the  preeminent  forum  for  presenting  new  concepts  and 
critical  measurements  in  fundamental  atomic  physics,  a  subject  that  deals  with  the  basic 
structure  of  atoms  and  how  they  interact  with  external  electromagnetic  fields.  This  is  a 
particularly  exciting  time  to  hold  such  a  conference  because  explosive  progress  is  cur¬ 
rently  being  made  in  fundamental  atomic  physics,  fueled  in  part  by  remarkable  advances 
in  optical  technology  and  in  part  by  equally  remarkable  gains  in  computational  capabili¬ 
ties.  Some  of  the  excitement  of  this  meeting  arises  from  the  unfolding  of  revolutionary 
new  measurement  capabilities  and  the  appearance  of  imaginative  theoretical  perspectives 
from  which  to  exploit  the  new  computational  power  and  flexibility.  One  finds  in  these 
proceedings  powerful  confirmation  that  atomic  physics  is  a  full  and  very  effective  partner 
in  the  ongoing  process  of  testing  the  foundations  of  physics.  On  the  other  hand,  these 
measurement  capabilities,  the  computation  methods,  and,  indeed,  the  interests  and  enthu¬ 
siasm  of  many  of  the  participating  scientists,  diffuse  rapidly  into  the  sister  fields  of 
science  and  ultimately  into  a  very  broad  scientific  and  technological  landscape.  In  these 
proceedings  we  see  some  of  this  process  at  its  source  point. 

The  program  for  this  conference  consisted  primarily  of  28  invited  papers,  all  pre¬ 
sented  in  plenary  session,  each  authored  by  a  scientist  at  the  forefront  of  this  development. 
In  this  volume  we  present  the  written  texts  submitted  by  these  plenary  speakers.  These 
proceedings  provide  a  comprehensive  and  authoritative  overview  of  the  state  of  the  field. 
Implicit  in  these  presentations  are  the  foundations  that  will  determine  some  of  the  prin¬ 
cipal  directions  the  field  of  atomic  physics  will  take  in  the  next  several  years. 

This  1994  conference  was  organized  by  conference  co-chairs  Carl  Wieman  of  the 
University  of  Colorado  and  the  Joint  Institute  for  Laboratory  Astrophysics  and  David 
Wineland  of  the  National  Institute  of  Standards  and  Technology  in  Boulder,  with  the  able 
and  dedicated  assistance  of  Diana  Moreland,  the  conference  secretary.  The  conference 
program,  which  included  340  posters  in  two  sessions  in  addition  to  the  seven  plenary 
sessions,  was  determined  by  the  Program  Committee:  P.  Bucksbaum,  S.  Datz,  G.  Drake, 
T.  Gallagher,  T.  Hansch,  D.  Kleppner,  J.  Raimond,  and  J.  Walraven,  with  conference 
co-chairs  Wieman  and  Wineland.  Policy  guidance  and  numerous  suggestions  relating  to 
the  scientific  program  were  provided  by  the  International  Organizing  Committee: 
E.  Arimondo,  V.  Balykin,  S.  Chu,  G.  Drake,  N.  Fortson,  M.  Gavrila,  G.  Grynberg, 
T.  Hansch,  S.  Haroche,  V.  Hughes,  D.  Kleppner,  P.  Klinkenberg,  R.  Lewis,  I.  Lindgren, 
H.  Narumi,  P.  Sandars,  S.  Svanberg,  H.  Takuma,  J.  Walraven,  H.  Walther,  and 
J.  Woerdman. 

The  more  than  500  registered  participants  came  from  27  countries.  The  University  of 
Colorado  Conference  Services  handled  registration,  housing,  and  meals  for  these  partici¬ 
pants,  and  other  conference  activities  were  arranged  by  members  of  the  Local  Committee: 
J.  Bergquist,  J.  Cooper,  E.  Cornell,  G.  Dunn,  S.  Gilbert,  C.  Greene,  J.  Hall,  L.  Hollberg, 
W.  Itano,  F.  Kowalski,  S.  Lee,  S.  Lundeen,  D.  Norcross,  S.  Smith,  and  P.  Zoller. 

We  are  grateful  for  the  sponsorship  of  the  International  Union  of  Pure  and  Applied 
Physics,  the  International  Science  Foundation,  the  University  of  Colorado,  the  National 
Institute  of  Standards  and  Technology,  and  agencies  of  the  United  States  Government:  the 


ix 


X 


National  Science  Foundation,  the  Aimy  Research  Office,  and  the  Office  of  Naval 
Research.  The  conference  planners  are  also  indebted  to  the  University  of  Colorado  and  to 
the  National  Institute  of  Standards  and  Technology  for  the  use  of  facilities  and  for  nu¬ 
merous  services  needed  to  ensure  its  success.  Special  thanks  are  due  the  authors  for  their 
prompt  submission  of  the  manuscripts  and  to  the  JILA  Scientific  Reports  Office  for 
assistance  in  preparing  this  volume  for  publication. 

Carl  Wieman 
David  Wineland 
Steve  Smith 
September  1994 


MEMORIALS 


Polykarp  Kusch 
1911  -  1993 


POLYKARP  KUSCH  (1911-1993) 

Polykarp  Kusch,  Nobel  laureate  in  Physics  for  1955,  and  an  outstanding  physicist, 
teacher,  and  administrator  at  Columbia  University  and  at  the  University  of  Texas  at 
Dallas,  died  on  March  10,  1993  at  the  age  of  82. 

Kusch  is  remembered  and  admired  in  the  community  of  physicists  and  in  the  history 
of  physics  for  his  important  discovery  of  the  anomalous  magnetic  mopient  or  g-value  of 
the  electron  and  for  his  central  role  in  the  discovery,  development,  and  use  of  the  radio¬ 
frequency  spectroscopic  technique  of  molecular  beam  magnetic  resonance.  Kusch  was  a 
great  experimenter  and  could  really  make  an  apparatus  work.  He  did  research  in  the  days 
of  one  or  few-men  experimentation,  and  he  excelled.  His  work  was  always  characterized 
by  the  highest  integrity,  thoroughness,  uncompromising  attention  to  detail,  and  enormous 
effort  and  enthusiasm. 

After  receiving  his  doctorate  from  the  University  of  Illinois  for  work  in  optical 
molecular  spectroscopy  with  F.  Wheeler  Loomis  and  spending  a  postdoctoral  year  at  the 
University  of  Minnesota  with  J.  T.  Tate,  Kusch  came  to  Columbia  University  in  1937 
where  he  played  a  central  role  in  the  discovery  of  the  molecular  beam  magnetic  resonance 
method.  The  technique  was  first  reported  in  1938  and  1939  in  papers  by  1. 1.  Rabi,  Sidney 
Millman,  Kusch,  and  Jerrold  R.  Zacharias.  Over  the  following  20-year  period  the  mem¬ 
bers  of  the  Columbia  group  and  their  students  developed  and  brilliantly  applied  this 
difficult  and  demanding  technique.  These  experiments  included  measurements  of  nuclear 
magnetic  dipole  and  electric  quadrupole  moments,  molecular  radiofrequency  spectra, 
atomic  hyperfine  structure,  and  atomic  g-values. 

It  was  in  the  exciting  period  at  Columbia  immediately  after  World  War  II,  when  many 
fundamental  experimental  discoveries  were  made  in  atomic  physics  that  led  to  modern 
quantum  electrodynamics,  that  Kusch  and  Henry  Foley  discovered  that  the  spin  g-value  of 
the  electron  as  determined  from  atomic  g- values  was  about  1  part  in  10^  greater  than  the 
Dirac  value  of  2.  A  theoretical  explanation  was  first  provided  by  Julian  Schwinger  based 
on  virtual  radiative  contributions  evaluated  using  the  idea  of  renormalization  in  quantum 
electrodynamics. 

Kusch  had  undertaken  important  administrative  jobs  at  Columbia  by  1968  when  the 
first  ICAP  meeting  was  held,  and  later  he  devoted  his  energy  to  teaching  at  the  University 
of  Texas  at  Dallas.  Hence  he  never  attended  an  ICAP  meeting,  but  he  had  provided  a 
major  heritage  of  modern  scientific  results  and  experimental  technique  for  younger  atomic 
physicists,  and  he  had  trained  many  excellent  students. 

Vernon  W.  Hughes 
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Laird  Schearer  (1931-1993) 


Laird  Schearer  died  on  March  7,  1993  after  a  heart  attack  during  one  of  his  frequent 
visits  to  Ecole  Normale  Superieure  in  Paris.  He  was  born  in  1931,  was  raised  in  eastern 
Pennsylvania,  graduated  from  Muhlenberg  College  in  1954,  earned  an  M.S.  from  Lehigh 
University  in  1958,  and  a  Ph.D.  in  the  laboratory  of  King  Walters  at  Rice  University  in 
1966.  His  work  in  developing  magnetometers  played  a  major  role  in  making  Texas 
Instruments  a  profitable  enterprise.  He  became  the  chairman  of  the  physics  department  at 
the  University  of  Missouri  at  Rolla  in  1971  and  successfully  fulfilled  the  mandate  to 
improve  its  research  activities,  both  by  his  own  work  and  by  inspiring  others.  He  held 
visiting  appointments  at  universities  worldwide  during  the  succeeding  20  years,  served  as 
program  officer  at  the  NSF  in  1979-81,  and  was  honored  by  being  appointed  Curator’s 
Professor  in  1984,  the  position  he  held  when  he  died. 

His  memory  was  honored  by  a  special  symposium  in  Paris  on  June  2-3,  1994,  when 
scientists  from  many  countries  and  various  fields  of  physics  spoke  of  his  accomplishments 
and  his  impact  on  physics.  Each  of  these  talks  was  strongly  flavored  by  fond  memories  of 
Laird’s  unique  way  of  approaching  physics  problems  and  his  very  special  personal 
warmth,  generosity,  and  character.  His  thesis  advisor  remembered  him  as  an  extremely 
close  friend  for  over  35  years.  His  former  student  David  Fahey  recalled  the  close  support 
and  encouragement  provided  by  both  Laird  and  his  wife  of  over  40  years,  Dotty.  His 
Chancellor,  John  Park,  recalled  that  Laird  and  Dotty’s  house  was  a  frequent  meeting  place 
for  students  and  faculty  and  a  continuous  guest  house  for  visitors.  He  was  remembered  by 
his  colleagues  as  a  superb  teacher  to  students  at  all  levels. 

My  own  personal  recollection  spans  more  than  20  years  of  enormously  helpful  dis¬ 
cussions  about  development  of  lasers  for  optical  pumping  of  helium.  I  was  welcomed  into 
Laird’s  lab  and  home,  as  were  my  students  when  they  also  visited  Rolla.  Laird  was  an 
important  presence  at  Gordon  conferences  and  other  opportunities  for  open  discussion  of 
new  ideas  and  experimental  techniques.  He  had  the  special  ability  to  make  things  work 
with  a  minimum  of  hardware  by  depending  on  his  superb  intuition  for  clear  and  simple 
design. 

Our  community  has  suffered  a  great  loss  and  will  miss  him  severely,  but  will  continue 
to  benefit  from  the  lives  of  those  he  touched  both  as  beloved  teacher  and  as  admired 
colleague. 


Harold  Metcalf 
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Julian  Schwinger  (1918-1994) 

With  the  death  of  Julian  Schwinger  on  July  16,  1994,  at  age  76,  science  lost  an 
intellectual  giant.  Schwinger  made  great  contributions  to  quantum  mechanics  and  to 
atomic,  nuclear,  particle,  and  condensed  matter  physics.  Stimulated  by  the  disagreement 
between  the  theoretical  and  experimental  values  of  the  atomic  hydrogen  hyperfine  sepa¬ 
ration,  he  devised  the  first  successful  relativistic  theory  of  quantum  electrodynamics 
(QED),  including  mass  and  charge  renormalization.  This  theory  and  its  extensions  to 
higher  orders  have  been  the  basis  of  many  atomic  physics  experiments  that  have  con¬ 
firmed  the  theory  to  unprecedented  accuracy. 

At  the  age  of  21  he  received  his  Ph.D.  from  Columbia  University,  and  at  age  29 
became  a  full  professor  at  Harvard  University  where  he  taught  and  did  research  for  27 
years  before  going  to  UCLA  in  1972.  He  directed  more  than  70  doctoral  theses. 

Schwinger  received  many  honors  including  the  National  Medal  of  Science  and  the 
Nobel  Prize.  He  is  survived  by  his  wife  Clarice. 


Norman  Ramsey 


Donald  R.  Yennie  (1924-1993) 

Donald  R.  Yennie,  professor  of  physics  at  Cornell  University,  died  on  April  14,  1993 
at  the  age  of  69.  He  was  an  internationally  recognized  authority  on  quantum  electrody¬ 
namics,  the  fundamental  theory  of  electromagnetic  interactions.  He  will  be  remembered 
not  only  as  a  leader  in  the  most  difficult  and  precise  aspects  of  this  field,  but  also  as  a 
beloved  teacher  and  friend  to  his  many  students  and  colleagues. 

Don  was  born  in  Paterson,  New  Jersey,  in  1924.  He  was  an  undergraduate  at  the 
Stevens  Institute  of  Technology,  graduating  in  1945  with  an  M.A.  degree,  and  was  a 
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Princeton.  From  1952  until  1957,  he  was  first  an  instructor  and  then  an  assistant  professor 
at  Stanford  University.  He  then  moved  to  the  University  of  Minnesota,  and  in  1964  joined 
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interest  both  in  fundamental  questions  about  quantum  field  theory  and  in  applications  of 
field  theory  to  experimental  data.  Don’s  incomparable  technical  skills,  together  with  his 
profound  understanding  of  quantum  field  theory,  are  well  illustrated  by  his  high-precision 
work  on  simple  atoms  in  quantum  electrodynamics.  His  analyses,  particularly  of  the 
Lamb-shift  and  hyperfine  splittings  in  hydrogen  and  muonium,  remain  among  the  most 
challenging  ever  attempted  in  quantum  field  theory.  They  provided  a  starting  point  for  a 
generation  of  researchers  in  this  field.  Don  was  actively  involved  in  such  work  at  the  time 
of  his  death. 

Don  Yennie  will  be  greatly  missed  by  all  who  knew  him.  His  influence  as  a  physicist 
and  as  a  human  being  will  remain  with  everyone. 
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Abstract.  If  there  is  either  T  or  P  symmetry,  there  can  be  no  electric  dipole  moment 
for  particles  whose  orientations  are  fully  specified  by  the  orientations  of  their  spin  angular 
momenta.  As  a  result,  there  have  been  extensive  searches  for  electric  dipole  moments  as 
tests  of  these  symmetries.  CP  non -conservation  has  been  observed,  which  implies  non¬ 
conservation  of  T  if  CPT  is  conserved,  but  it  has  only  been  seen  in  the  decay  of  the 
artificially  produced  K^.  The  history  of  the  searches  for  neutron  and  atomic  electric  dipole 
moments  is  summarized.  The  earliest  experiments  utilized  a  neutron  beam  magnetic 
resonance  apparatus,  but  the  present  neutron  experiments  study  ultra  cold  neutrons  trapped 
in  bottles  whose  walls  totally  reflect  the  neutrons.  Recent  atomic  and  molecular  searches 
are  sensitive  both  to  particle  electric  dipole  moments  and  to  other  related  T  non¬ 
conserving  quantities.  The  various  neutron,  atomic  and  molecular  experiments  are 
described.  The  results  of  these  searches  are  compared  with  the  predictions  of  theories  that 
account  for  the  known  CP  non -conservation  in  the  decay  of  the  K^.  The  experiments 

directly  set  limits  to  T-odd,  P-odd  interaction  terms,  but  through  eleectroweak  radiative 
corrections  they  also  set  limits  to  T-odd,  P-even  interactions. 


INTRODUCTION 

The  electric  dipole  moment  of  a  particle  is  defined  as  follows.  Let  the 
coordinate  z  be  measured  from  the  center  of  mass  of  a  particle  and  let  pjj  be  the 
electric  charge  density  inside  the  particle,  whose  angular  momentum  is  J  with 
quantum  number  J  and  whose  orientation  state  is  given  by  m  =  J  relative  to  the  z 
axis.  The  scalar  magnitude  dn  of  the  vector  dipole  moment  d  is  then  defined  by 

d  =  J  pjjZ  dx  (1) 

where  dt  is  a  differential  volume  element.  If  the  particle  is  charged,  this  definition 
implies  that  the  center  of  charge  of  the  particle  is  displaced  from  the  center  of  mass 
if  d  ^  0.  If,  on  the  other  hand,  the  particle  has  no  net  charge,  the  definition  implies 
a  greater  positive  charge  in  one  hemisphere  and  a  correspon^ngly  greater  negative 
charge  in  the  other.  The  electric  dipole  moment  is  ordinarily  expressed  in  units  of  e 
cm  where  e  is  the  charge  of  the  proton.  An  electric  dipole  moment  d  in  an  electric 
field  E  will  have  an  interaction  energy  W  =  -  d*E. 

It  is  easy  to  see(l-4)  from  the  following  argument  that  the  electric  dipole 
moment  must  vanish  if  there  is  symmetry  under  either  the  parity  transformation  (P) 
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for  which  r  -  r  or  the  time  reversal  transformation  (T)  for  which  t  - 1, 
provided  there  is  no  near  degeneracy.  Since  the  orientation  of  the  particle  can  only 
be  specified  by  the  orientation  of  its  angular  momentum,  the  dipole  moment  d  and 
the  angular  momentum  J  must  transform  their  signs  the  same  way  under  P  and  T  if 
d  is  to  have  a  non-zero  value  and  if  there  is  to  be  P  and  T  symmetry;  if  they  did 
not,  either  of  those  transformations  would  produce  a  neutron  of  oppositely  signed 
electric  dipole  moment  contrary  to  the  assumption  of  those  symmetries  and  no 
degeneracy.  But  d  changes  sign  under  P  whereas  J  does  not,  so  d  must  vanish  if 
there  is  P  symmetry.  Likewise  d  does  not  change  sign  under  T  but  J  does,  so  d 
must  vanish  if  there  is  T  symmetry.  More  rigorous  proofs  of  the  above  can  be 
given(l-4).  If  one  makes  the  usual  assumption  of  CPT  symmetry  (where  C  is  the 
charge  conjugation  transformation,  Ze  -  Ze),  the  existence  of  an  electric-dipole 
moment  would  also  imply  a  failure  of  CP  symmetry.  In  molecules,  electric  dipole 
moments  do  exist  and  are  attributed  to  degenerate  states  rather  than  to  a  failure  of  T 
symmetry;  but  degeneracy  for  the  neutron  would  contradict  the  well-established 
fact  that  neutrons  obey  the  Pauli  exclusion  principle.  Since  the  existence  of  a 
particle  electric  dipole  moment  would  contradict  the  assumptions  of  both  parity  and 
time  reversal  invariance,  increasingly  sensitive  searches  for  an  electric  dipole 
moment  have  been  carried  out  for  a  number  of  years  to  test  these  assumptions. 

Although  the  electric  dipole  measurements  in  first  order  imply  limits  to  T- 
odd,  P-odd  interactions,  in  higher  order  they  also  limit  T-odd  T-even  (TOPE) 
interactions  as  first  pointed  out  by  Khriplovich  (57,  58)  and  Conti.  Electroweak 
radiative  corrections  include  terms  that  are  products  of  the  usual  T-even,  P-odd 
weak  interaction  and  the  discussed  (57,58)  T-odd,  T-even  interactions  which  can 
thereby  contribute  to  the  T-odd,  P  odd  electric  dipole  moment. 

The  earliest  electric  dipole  searches,  and  still  some  of  the  most  sensitive, 
have  been  those  with  neutrons,  initially  with  neutron  beams  and  later  with  ultra¬ 
cold  neutrons  stored  in  chambers  with  reflecting  walls.  With  the  increased  interest 
in  the  theories  of  T  non-conservation,  there  have  been  a  number  of  recent 
experiments  to  measure  electric  dipole  moments  and  related  T  non-conserving 
properties  of  various  atoms  and  molecules. 


NEUTRON  BEAM  EXPERIMENTS 

In  1950,  at  a  time  when  parity  conservation  was  almost  universally 
believed,  Purcell  and  Ramsey  (3)  pointed  out  that  such  a  belief  must  be  based  on 
experiment  and  that  there  was  then  little  experimental  evidence  for  it.  They 
concluded  that  a  search  for  a  particle  electric  dipole  moment  would  provide  such  a 
test  since  such  a  moment  is  forbidden  under  parity  symmetry.  However  they  also 
noted  that  an  electrically  charged  particle  even  with  an  electric  dipole  moment 
would  ordinarily  have  no  electric  dipole  interaction  with  an  electric  field  since 
<E>=0  if  the  particle  is  not  accelerated  or  acted  upon  by  other  forces.  As  a  result 
past  experiments  were  not  sensitive  in  detecting  electric  dipole  moments.  On  the 
other  hand  tests  with  a  neutron  are  sensitive  since  the  neutron  has  no  electric  charge 
and  is  consequently  not  accelerated  out  of  the  observation  region  in  a  strong  electric 
field.  A  neutron  electric  dipole  moment  can  be  sensitively  detected  in  a  neutron 
beam  magnetic  resonance  experiment  for  the  following  reasons.  If  the  neutron  has 

a  magnetic  dipole  moment  fijyi  and  an  electric  dipole  moment  dn,  the  dipole 

moments  will  contribute  an  additional  energy  -fif^-B-dn-E  if  the  neutron  is  in  a 


N.  R  Ramsey  5 


magnetic  field  B  and  an  electric  field  E.  Therefore,  if  the  neutron  makes  a 
transition  from  an  orientation  state  with  m  =  -1/2  to  m  =  +1/2,  the  Bohr  frequency 

Vq  for  the  transition,  which  in  this  case  is  the  neutron  Larmor  precession 
frequency,  is  given  by 

hVo  =  2  iIm*B  +  2  dn-E  =  2  IBI  ±  2  dn  IE!  (  2) 

where  the  upper  sign  is  for  B  and  E  parallel.  Therefore,  the  neutron  electric  dipole 
moment  is  observed  by  the  change  in  the  Larmor  precession  frequency  of  the 
neutron  when  the  relative  directions  of  the  electric  and  magnetic  fields  are  reversed. 

Smith,  Purcell  and  Ramsey  (4)  constructed  a  neutron  beam  magnetic 
resonance  experiment  with  a  strong  electric  field  between  the  two  separated 
oscillatory  fields  (5)  and  measured  the  change  in  resonance  frequencies  when  the 
relative  orientations  of  the  electric  and  magnetic  fields  were  reversed.  When  they 
started  this  experiment,  the  lowest  limit  that  could  be  set  by  any  existing 

observations  was  dn  =  3  x  10  e  cm  and  in  that  first  experiment  they  lowered  the 

20 

limit  to  dn  =  5  X  10  e  cm  but  found  no  electric  dipole  moment. 

In  1956  Lee  and  Yang  (6)  proposed  parity  non-conservation  in  the  weak 
interaction  as  an  explanation  of  an  anomaly  in  the  K  meson  decay.  The  proposed 
parity  non-conservation  in  the  weak  interaction  was  confirmed  in  1957  by  Wu  et 
al.(7)  in  the  angular  distribution  of  the  electrons  in  the  decay  of  polarized  ^^Co. 
Although  the  discovery  of  the  failure  of  parity  symmetry  eliminated  that  symmetry 
as  a  fundamental  argument  against  the  possibility  of  a  particle  electric  dipole 
moment,  Landau  (8)  and  others  (9)  argued  that  even  with  the  failure  of  P  symmetry 
there  should  still  be  conservation  of  CP  and  T  (where  C  is  the  charge  exchange 
operator)  and  that  T  symmetry  alone  would  eliminate  the  possibility  of  a  particle 
electric  dipole  moment.  However,  at  that  time  Ramsey  wrote  a  letter  (10)  pointing 
out  that  the  T  symmetry  assumption  must  be  based  on  experiment  and  that  a  search 
for  a  neutron  electric  dipole  moment  was  a  particularly  sensitive  test  of  T 
conservation;  Jackson,  et  al.  (11)  also  emphasized  the  need  for  an  experimental 
basis  for  the  assumptions  of  T  and  CP  symmetry.  In  1964,  Christenson,  Cronin, 
Fitch  and  Turlay  (12)  showed  experimentally  there  was  a  failure  of  CP 

conservation  in  the  decay  of  the  and  hence  a  failure  of  T  if  TCP  were 
conserved.  The  subsequent  theories  that  accounted  for  the  observed  CP  violation 
in  the  K-^  predicted  a  non -zero  value  for  the  neutron  electric  dipole  moment,  with 

the  initial  predictions  being  usually  larger  than  10'^^  e  cm.  Asa  result  there  was  a 
series  of  experiments  (9),  mostly  by  the  neutron  beam  magnetic  resonance  method, 
which  successively  lowered  the  experimental  limit  on  the  neutron  electric  dipole 
moment.  The  most  sensitive  of  the  neutron  beam  experiments  (6)  was  that  of 
Dress,  Miller,  Pendlebury,  Perrin  and  Ramsey  (13).  Neutrons  from  the  Grenoble 
reactor  at  180  m/s  were  polarized  and  analyzed  by  reflection  from  magnetized  iron 
mirrors  between  which  there  was  a  180  cm  long  region  with  a  17  G  magnetic  field 
and  a  100  kV/cm  electric  field.  Neutron  reorientation  transitions  were  induced  by 
the  method  of  separated  oscillatory  fields  (14,15).  No  electric  dipole  moment  was 
found  and  the  result  was  equivalent  to  an  experimental  electric  dipole  moment  of 

(40  ±  150)  X  10'^^  e  cm. 
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TRAPPED  NEUTRON  EXPERIMENTS 


In  the  neutron  beam  experiments  so  far  described,  the  neutrons  had 
velocities  of  about  80  m/s  and  the  neutron  resonance  widths  were  typically  80  Hz. 
It  was  early  realized  by  Ramsey,(9,16)  Zel'dovich  (17)  and  Shapiro  (18)  that 
neutron  electric  dipole  moment  measurements  could  be  made  on  neutrons  slower 
than  7  m/s  stored  in  suitable  bottles  by  total  reflection  of  the  neutrons  at  the  bottle 
surface.  Such  measurements  are  more  sensitive  because  of  the  narrower  neutron 
magnetic  resonance  and  are  free  from  uncertainty  due  to  the  effective  magnetic  field 
E  X  v/c  due  to  the  motion  of  the  neutrons  through  the  applied  electric  field.  The 
realization  of  measurements  with  bottled  neutrons  was  delayed  for  many  ye^s  due 
to  the  unavailability  of  neutrons  with  such  low  velocity.  However,  experiments 
with  stored  neutrons  are  now  being  successfully  carried  out  at  both  the  the  Insitut 
Laue-Langevin  in  Grenoble,  France  (20,27)  and  the  Petersburg  Nuclear  Physics 
Laboratory  in  Gatchina,  Russia.(  19,28). 

In  the  Harvard-Sussex-Rutherford-Washington-ILL  experiments  at 
Grenoble  (20,27),  the  ultracold  neutrons  from  the  liquid  deuterium  moderator  at  the 
reactor  core  are  further  slowed  by  total  reflection  from  the  blades  of  a  rotating 
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FIGURE  1 .  Schematic  diagram  of  new  Grenoble  apparatus.  The  apparatus  used 
in  the  most  recently  completed  experiment  is  similar  to  that  in  the  diagram  except  that  no 
Hg  magnetometer  was  provided. 

turbine  (21)  and  then  transmitted  to  the  resonance  apparatus  through  a  guide  tube. 
The  resonance  apparatus  is  similar  to  that  in  Figure  1.  Since  the  indicated 
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magnetized  foil  totally  reflects  the  neutrons  of  one  polarization  while  transmitting 
the  other,  it  serves  as  a  polarizer  for  the  incident  beam  and  an  analyzer  for  the 
returning  beam.  The  neutrons  are  stored  by  total  reflection  in  a  cylinder 
approximately  25  cm  in  diameter  and  10  cm  high  with  the  end  plates  being  of  Be 
and  the  sides  of  the  cylinder  being  BeO.  After  filling  for  about  10  seconds,  a 
shutter  is  closed,  storing  the  neutrons  for  approximately  80s.  The  neutron  density 
is  about  10  cm'3.  The  oscillatory  field  is  applied  in  two  short  initial  and  final 
coherent  pulses.  After  the  shutter  is  opened  the  neutrons  again  pass  through  the 
foil,  which  this  time  serves  as  an  analyzing  foil  which  transmits  only  neutrons 
whose  spin  orientation  has  not  changed.  Consequently  the  numbers  of  neutrons 
reaching  the  UCN  detector  provide  a  measure  of  the  neutron  magnetic  resonance. 
The  neutrons  are  counted  at  the  steepest  part  of  the  resonance  curve  as  the 
directions  of  the  electric  and  magnetic  fields  are  successively  reversed.  From  the 
correlation  of  the  detected  neutron  intensity  with  the  relative  directions  of  the 
electric  and  magnetic  fields,  a  limit  can  be  set  to  the  neutron  electric  dipole  moment 

from  Equation  (2).  The  magnetic  and  electric  fields  were  about  1  |liT  and  1.6  MV 
m-i. 

The  principal  uncertainty  in  the  results  comes  from  possible  magnetic  field 
changes  that  might  occur  when  the  electric  field  is  reversed.  For  this  reason  the 
current  from  the  high  voltage  generator  is  carefully  monitored  and  kept  at  a  low 
value.  In  addition,  three  rubidium  magnetometers  located  as  close  as  possible  to 
the  neutron  storage  volume  are  continuously  monitored  for  possible  magnetic  field 
changes.  Initially,  the  only  neutron  beam  available  for  this  experiment  at  Grenoble 
had  a  moderator  at  room  temperature  or  above.  As  a  result  only  a  very  small 
fraction  of  the  neutrons  were  below  the  7  m/s  velocity  required  for  total  reflection 
storage  so  the  initial  neutron  counting  rate  was  very  low,  but  with  the  subsequent 
upgrading  of  the  reactor  including  the  use  of  a  liquid  deuterium  moderator  counting 
rate  increased  to  about  16,000  per  cycle,  with  each  cycle  taking  124  s.. 

The  use  of  stored  ultra-cold  neutrons  offers  two  particularly  important 
advantages  over  the  original  neutron  beam  experiments.  The  resonance  curve  with 
stored  neutrons  is  7000  times  narrower  than  in  the  best  neutron  beam  experiments. 
Furthermore,  in  the  neutron  beam  experiments  a  large  fraction  of  the  running  time 
had  to  be  devoted  to  eliminating  the  E  x  v/c  effect,  which  effectively  vanishes  in 
the  neutron  bottle  experiments  since  the  average  value  of  v  is  very  small  compared 
to  c  when  the  neutrons  enter  and  exit  at  the  same  port  with  a  storage  time  of  80s. 

The  Gatchina  group  (19,28)  uses  a  similar  stored  neutron  method  with  the 
principal  difference  being  that  their  neutrons  are  stored  in  a  double  chamber  with 
the  high  voltage  electrode  in  the  middle  so  the  electric  fields  in  the  two  chambers 
are  in  opposite  directions..  This  helps  to  cancel  the  effects  of  drifting  external 
magnetic  fields  but  does  not  compensate  as  well  for  local  magnetic  effects  due  to 
sparks  and  leakage  currents  from  the  applied  electric  field. 

The  latest  published  result  of  the  Grenoble  group  (27)  is 

dn  =  (-3±2±4)  X  10"^^  e  cm  (3) 

where  the  estimated  statistical  error  precedes  the  systematic  error.This  null  result 
translates  to  an  upper  limit  of  Idnl  <  12  x  10"^^  e  cm  to  a  95%  confidence  limit. 

The  latest  published  result  for  the  neutron  electric  dipole  moment  as 
measured  by  the  Gatchina  group  (28)  is  . 

dn  =  (+2.6±4.2±1.6)  x  10"^^  e  cm  (4) 
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where  the  first  error  is  from  statistics  and  the  second  from  systematics  and  the 

authors  conclude  Idnl  <  1 1  x  10"^^  e  cm. 

The  combination  of  the  Grenoble  and  Gatchina  experiments  together 


corresponds  to  an  upper  limit  of 

Idnl  <9  X  lO’^^e  cm  to  a95%  C.L.  (5) 

As  mentioned  in  the  introduction  the  electric  dipole  measurements  also 
provide  limitations  to  the  T-odd,  P-even  interactions.  The  experimental  limit  on  dn 
in  Equation  (5)  provides  the  following  limits  to  the  T-odd,  P-even  parameters 
defined  by  Conti  and  Khriplovich  (57,58). 

Pqe  <  Pqq  ^ 

Both  the  GrenoWe  and  the  Gatchina  groups  are  planning  to  increase  the 
sensitivity  of  their  experiments.  During  repairs  on  the  reactor,  the  Grenoble 
experiment  has  been  temporarily  discontinued  and  the  apparatus  is  being  rebuilt  to 
incorporate  improvements,  especially  in  the  monitoring  of  the  magnetic  field.  A 
schematic  diagram  of  the  new  apparatus  is  shown  in  Figure  1 .  In  past  experiments, 
the  magnetic  field  monitoring  has  been  done  with  three  rubidium  magnetometers  no 
closer  than  40  cm  to  the  axis  of  the  bottle,  which  has  lead  to  uncertainties  in  their 
use  to  correct  for  magnetic  field  fluctuations  in  the  neutron  storage  vessel.  Die 
Grenoble  group  is  developing  a  magnetometer  whose  working  substance  is  a 
vapor  in  the  same  volume  as  that  in  which  the  neutrons  are  stored,  ^e  onginal 
plans  (29)  were  to  use  ^He,  but  it  now  appears  (27,38,55,56)  that  l^^Hg  should 
be  better  because  of  more  suitable  energy  levels  for  laser  optical  pumping.  The 
nuclear  spin  polarization  of  the  ^^^Hg  gas  precesses  at  about  8  Hz  and  is 
monitored  directly  as  a  sinusoidal  oscillation  in  the  intensity  of  a  horizontal  beam  of 
circularly  polarized  Hg  resonance  radiation  that  has  passed  through  the  storage 
cell,  as  shown  in  Figure  1.  Two  other  changes  will  be  an  increase  in  the  neutron 
storage  volume  from  5  to  22  liters,  and  an  increase  in  the  electrode  voltage.  The 
planned  storage  time  is  about  150  seconds.These  changes  should  reduce  the 
systematic  errors  and  increase  the  sensitivity  of  the  experiment.  Similar 
improvements  are  planned  at  Gatchina.  More  than  a  year  of  measurements  will  be 
needed  for  these  experiments  to  lower  the  experimental  errors  significantly.  Ringo 
and  his  associates  (54)  have  discussed  a  quite  different  experiment  utilizing  an 


interferometer  with  spatially  separated  paths. 

As  a  longer  term  project,  Golub,  Lamoreaux  and  others  (55)  are  planning  a 
neutron  electric  dipole  moment  experiment  with  the  neutrons  in  a  totally  reflecting 
bottle  filled  with  superfluid  helium.  A  dilute  solution  of  polarized  He  will  be  used 
as  a  polarizer  and  detector  since  ^He  absorbs  neutrons  only  when  the  total  spin  is 
zero  (neutron  and  ^He  spins  antiparallel). 


ATOMIC  AND  MOLECULAR  ELECTRIC  DIPOLE 
MOMENT  EXPERIMENTS 

The  previously  stated  theorem  of  Purcell  and  Ramsey  (3,4)  that  electric 
dipole  moments  of  electrically  charged  particles  are  ordinarily  unobservable  does 
not  preclude  measurements  of  atomic  electric  dipole  moments  since  atoms  have  no 
net  electric  charge.  However  the  Purcell-Ramsey  theorem  has  been  generalized  by 
Schiff  to  what  is  sometimes  called  the  Schiff  Theorem,  which  states  that  an 
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assemblage  of  particles  that  are  nonrelativistic,  interact  only  electrostatically  and  are 
such  that  the  electric  dipole  moment  distribution  within  each  particle  is  the  same  as 
its  charge  distribution  will  have  no  permanent  electric  dipole  moment  even  if  the 
constituent  particles  do  so.  The  important  part  of  Schiff  s  paper,  however,  is  not 
the  theorem  but  the  recognition  that  in  real  atoms  the  theorem  does  not  apply  due  to 
relativistic  effects,  presence  of  non-electrostatic  forces,  spin-orbit  interactions  and 
finite  size  effects.  As  first  pointed  out  by  Sandars  and  others  (30,42,53),  in 
some  paramagnetic  atoms  an  electron  electric  dipole  moment  can  induce  an  atomic 
electric  dipole  moment  600  or  more  times  bigger  than  that  of  the  atom.  As  a  result, 
electric  dipole  moment  measurements  with  atoms  and  molecules  provide  sensitive 
tests  for  an  electron  electric  dipole  moment  and  for  other  T-nonconserving 
interactions  to  be  discussed  later. 

For  atomic  electric  dipole  moments  a  relation  analogous  to  Equation  (2) 
applies  except  that  the  2's  in  Equation  (2)  should  be  replaced  by  1/F  where  F  is  the 
quantum  number  for  the  total  atomic  spin  angular  momentum  F  =  I  -i-  J  where  I 
^d  J  are  the  the  nuclear  and  resultant  electronic  angular  momenta.  Consequently, 
just  as  with  neutrons,  the  atomic  electric  dipole  moments  can  be  measured  by  the 
shift  in  the  magnetic  resonance  frequency.  The  resonance  pattern  for  atoms  has 
been  observed  in  different  ways,  sometimes  with  a  single  atomic  beam  (30-33,35), 
sometimes  with  two  atomic  beams  moving  in  opposite  directions  (37)  and 
sometimes  with  circularly  polarized  lasers  beams  used  for  the  optical  pumping  and 
detecting  of  atoms  stored  in  bottles  with  suitable  wall  coatings 
(34,36,38,39,40,46,). 

The  earliest  atomic  experiments  were  the  1960's  cesium  atomic  beam 
experiments  of  Sandars,  Lip  worth  and  their  associates  (30-31)  at  Brandeis  and 
Oxford.  Sandars  (30,31)  showed  that  due  to  relativity  and  the  admixture  of  a 
nearby  p  state,  an  electron  electric  dipole  moment  in  some  paramagnetic  atoms  can 
induce  an  atomic  moment  several  hundreds  times  larger.  In  this  fashion  they  set  an 
experimental  upper  limit  (30,31)  on  the  electron  electric  dipole  moment  of  300  x 
10"^^  e  cm. 

There  was  no  work  on  atom  or  molecule  electric  dipole  moments  in  the 
1970's,  but  since  the  mid  1980’s  a  number  of  such  experiments  have  recently  been 
completed.  With  a  molecule  instead  of  an  atom.  Hinds  and  Sandars  at  Oxford  (32) 
have  set  limits  on  T  violating  parameters  in  TIF  with  multiple  resonance  transitions. 
Wilkening,  Ramsey  and  Larson  at  Harvard  (33)  improved  the  sensitivity  of  these 
results.  Even  greater  sensitivity  has  been  achieved  in  later  experiments  at  Yale  by 
Hinds  and  his  associates  (35)  using  a  jet  beam  of  TIF. 

Fortson,  Heckel,  Lamoreaux  and  their  collaborators  (34,38,39,47)  at 
Seattle  have  studied  with  the  apparatus  shown  schematically  in  Fig.2. 

Each  of  the  two  vapor  filled  cells  functions  as  an  optically  pumped  oscillator  based 
on  the  Larmor  precession  of  the  nuclear  spins  about  B^.The  phase  of  the  precession 
is  detected  by  the  modulation  of  the  transmitted  light  intensity.  The  phase  shift  of 
this  modulation  with  reversal  of  the  applied  electric  field  measures  the  electric  dipole 
moment  of  the  atom. 

Hunter  and  his  collaborators  at  Amherst  (36),  have  set  a  low  limit  on  the 
electric  dipole  moment  of  the  electron  using  optical  pumping  of  a  cell. 

Commins  (37)  and  his  associates  at  Berkeley  have  used  the  method  of 
separated  oscillatory  fields  and  two  counter  propagating  atomic  beams  as  in 
Figure  3  to  measure  the  electric  dipole  moments  of  the  205x1  atom  and  of  the 
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FIGURE  2.  Schematic  Diagram  of  the  Apparatus  (39). 
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FIGURE  3.  Schematic  Diagram  of  the  205j|  Apparatus  (37). 
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electron.  The  counter-propagating  beams  are  used  to  minimize  the  E  x  v  effect. 
Polarized  laser  beams  were  used  as  state  selector  and  analyzer. 

Chupp  (40)  and  his  students  at  Harvard  and  Michigan  used  '•29x6  polarized 
by  spin  exchange  collisions  to  determine  the  atomic  electric  dipole  moment. 

No  T  non-conserving  interactions  have  been  seen  so  far  in  any  of  these 
experiments,  but  low  experimental  limits  have  been  set  on  electric  dipole  and  other 
T  non-conserving  paranieters  as  shown  in  Table  1.  For  Cs  and  T1  there  have  also 
been  improved  calculations  (42)  of  the  sensitivity  enhancement  factors  used  in 
determining  the  limit  to  the  electron  electric  dipole  moment  from  that  of  the  atom. 

Although  electric  dipole  moments  of  the  constituent  particles  can  produce 
resultant  electric  dipole  moments  of  atoms,  other  T  non-conserving  interactions 
between  elementary  particles  also  can  give  rise  to  atomic  or  molecular  electric  dipole 
moments,  especially  in  heavy  paramagnetic  atoms  where  the  effects  are  enhanced 
(30,41).  A  resultant  electric  dipole  moment  can  be  due  to  a  a  nuclear  dipole 
moment  distribution  from  hadronic  interactions  between  quarks,  to  a  semi-leptonic 
interaction  from  a  T  violating  force  between  electrons  and  nucleons  or  to  a  purely 
leptonic  interaction  from  an  intrinsic  electric  dipole  moment  of  the  electron  There 
are  now  extensive  theoretical  calculations  (41-44)  of  the  these  different 
contributions  to  a  net  electric  dipole.  There  are  also  several  recent  reviews  of  both 
theories  and  experiments  on  atomic  and  molecular  electric  dipole  moments  (45-48). 
The  primary  experimental  results  from  the  atomic  experiments  are  electric  dipole 
moments  of  the  atoms,  but  these  can  be  interpreted  in  terms  of  T-non  conserving 
interactions  between  the  constituents  of  the  atom  and  its  nucleus. 

Khriplovich  and  others  (41-44)  have  shown  that  the  experimental  limits  on 
the  vmous  T  non-conserving  interactions  can  be  parametrized  in  terms  of  the  atom 
electric  dipole  moment  d,  the  electron  dipole  moment  de,  the  proton  electric  dipole 

moment  dp,  parameters  Qs  (Schiff  moment),  rj  and  Tiq  of  the  hadronic  interaction 

terms  47teQsaZVpe,  ir|(nY5  ^)(  ^  n)GF/V2  and  iT|q(qy5q)(q  q)GF/V2  and  the 
parameters  Ct  and  Cs  of  the  semi  leptonic  interaction  terms 

iCT(  e  Y5  a^ve)(n  al^Vn)GF/V2  and  iCs(  e  Ys  e)(nn)GF/V2.  The  neutron  and 
atomic  experimental  limits  on  these  T  non-conserving  parameters  are  given  in 
Table  1.  In  each  of  the  atomic  experiments  the  directly  measured  quantity  is  the 
limit  to  the  atomic  electric  dipole  moment  and  all  of  the  other  limits  are  based  on 
calculations  using  the  atomic  limit. 

All  of  the  groups  doing  atomic  and  molecular  tests  of  T  non-conservation 
hope  to  improve  their  sensitivities  by  factors  of  10  to  100  in  the  next  few  years. 
Chupp's  group  for  example  is  planning  to  operate  both  a  129xe  and  a  ^He  maser 
simultaneously  in  the  same  cavity  so  the  ^He  can  serve  as  a  magnetometer  while 
they  look  for  parity  non-conserving  effects  in  129xe.  Hinds  has  identified  YbF  as 
a  particularly  sensitive  molecule  for  molecular  searches  for  the  electron  electric 
dipole  moment. 

In  addition,  several  groups  with  no  results  to  report  as  yet  have  started 
different  and  potentially  sensitive  electric  dipole  searches  for  T  non-conserving 
interactions.  Ezhov  and  his  associates  (61)  at  Gatchina  plan  to  use  jet  molecular 
beams  of  TIF  and  other  molecules  observing  the  interference  at  zero  magnetic  field 
of  coherent  states  in  of  two  degenerate  levels  (Hanle  effect)  rather  than  magnetic 
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more  parameters  and  room  for  more  complex  CP  non-conserving  phases;  they  are 
usually  consistent  with  larger  electric  dipole  moment  values  that  should  be  within 
the  reach  of  future  experiments,  (c)  Strong  quantum  chromodynamic  theories 

predict  dn  to  be  approximately  equal  to  4  x  10"^^  ®QCD  ^  where  ^QCp* 
strong  CP  violating  parameter,  so  the  neutron  measurements  place  the  limit  Qqqq 

<  10"^  and  the  limit  from  ^^^g  experiments  is  only  five  times  higher.  The  present 
experimental  limits  on  0qqq  from  both  atomic  and  neutron  experiments  are  given 
in  Table  1.  (d)  In  a  class  of  left-right  symmetric  models  (48,51),  the  predicted 
moments  are  (1  to  10)  x  10’^^  e  cm.  The  present  experimental  limits  on  (e)  Ravor 
mixing  models  predict  dn  to  be  of  the  order  of  1  x  10"^^  e  cm.  (f)  Supersymmetry 
(SUSY)  permits  the  transformation  of  fermions  into  bosons  and  vice  versa  and 
adds  many  more  possible  particles  which  in  turn  provides  the  opportunity  for  more 
CP  non-conserving  phases.  As  a  result  T-violating  phases  occur  naturally  in 
supersymmetric  theories.  In  some  SUSY  theories  that  account  for  the  observed  CP 

violation  in  the  system,  the  parameter  Cq  gusy  should  be  of  order  1  if 

supersymmetry  is  broken  near  the  electro  weak  energy  scale  (53),  whereas  by  both 
the  neutron  and  experiments  in  Table  I  ^  <  0.01.  This  may  indicate 

that  £  ^  is  not  the  only  source  of  CP  violation  (48).  (g)  cosmological  theories 
(26)  that  account  for  the  baryon-antibaryon  asymmetry  and  relate  the  neutron 
electric  dipole  moment  to  the  entropy  of  the  universe  generated  since 

bariosyn theses  are  generally  consistent  with  a  value  smaller  than  10"^^  e  cm. 

The  atomic  and  molecular  experiments  on  electric  dipole  moments 
and  related  T  non-invariant  parameters  have  been  extensively  analyzed  and 
reviewed  by  theorists  (43-53).  Although  the  standard  model  theoretical  limit  for 
the  neutron  electric  dipole  limit  is  beyond  the  reach  of  any  proposed  experiment, 
most  of  the  theories  that  go  beyond  the  standard  model  can  account  for  values  that 
could  be  observable  in  future  experiments.  Since  no  one  yet  knows  the  way  in 
which  CP  is  not  conserved,  it  is  impossible  to  predict  whether  atomic  or  neutron 
electric  dipole  moment  experiments  will  be  the  first  to  show  a  failure  T  symmet^. 
For  some  theories  the  neutron  experiments  provide  the  most  sensitive  tests  while 
other  theories  are  more  sensitively  probed  by  atomic  experiments.  For  example, 
from  Table  1  it  is  apparent  that  the  neutron  experiments  are  now  the  most  sensitive 
for  limiting  0qcd  whereas  the  atomic  experiments  are  needed  for  0$  and  Cj .  The 
neutron  and  atomic  experiments  are  complementary  and  both  need  to  be  vigorously 
pursued. 
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Introduction 


In  this  talk  I  describe  a  new  approach  to  the  analysis  of  QED  effects  in  simple 
atoms.  The  general  techniques  have  been  successfully  applied  in  studies  of 
muonium,  positronium  and  other  hydrogenic  systems.  They  are  most  likely 
also  valuable  in  helium  and  larger  multielectron  atoms. 

The  earliest  studies  of  simple  atomic  systems  were  based  on  the  quantum 
hamiltonian  developed  by  Schrodinger,  Pauli  and  others; 
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where  one  usually  treats  the  p  •  A,  <t  •  B,  etc  terms  as  perturbations.  This 
theory  is  very  successful:  working  to  first  order  in  the  perturbations,  it  easily 
accounts  for  the  first  six  digits  in  any  binding  energy  of  hydrogen.  This 
theory  is  also  very  simple  to  analyze  and  forms  the  basis  for  most  people’s 
intuition  about  atomic  structure.  However,  beyond  first-order  perturbation 
theory,  this  theory  leads  to  ultraviolet  infinities;  the  perturbations  are  too 
singular. 

By  1950  we  had  learned  how  to  remove  the  ultraviolet  infinities  in  Green’s 
functions  by  using  relativistically  covariant  perturbation  theory.  This  led 
Bethe  and  Salpeter,  and  Schwinger  to  reformulate  the  bound-state  problem 
in  terms  of  Green’s  functions  rather  than  the  hamiltonian.  The  result,  the 
Bethe- Salpeter  equation,  allows  one  to  use  standard  QED  renormalization 
methods  to  remove  the  infinities  in  bound-state  calculations.  This  equation, 
while  elegant,  is  quite  obscure  to  most  people  and  very  complicated  to  use. 

To  illustrate  the  problems  that  arise,  consider  a  traditional  Bethe-Salpeter 
calculation  of  the  energy  levels  of  positronium.  The  potential  in  the  Bethe- 
Salpeter  equation  is  given  by  a  sum  of  two-particle  irreducible  Feynman  am¬ 
plitudes.  One  generally  solves  the  problem  for  some  approximate  potential 
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and  then  incorporates  corrections  using  time-independent  perturbation  the¬ 
ory.  Unfortunately,  perturbation  theory  for  a  bound  state  is  far  more  compli¬ 
cated  than  perturbation  theory  for,  say,  the  electron’s  ^r-factor.  In  the  latter 
case  a  diagram  with  three  photons  contributes  only  in  order  In  positron- 
ium  a  kernel  involving  the  exchange  of  three  photons  can  also  contribute  to 
order  but  the  same  kernel  will  contribute  to  all  higher  orders  as  well: 

(V3)  =  {ao  +  Gia -f  020^  +  . . .  (2) 

So  in  the  bound-state  calculation  there  is  no  simple  correlation  between  the 
importance  of  an  amplitude  and  the  number  of  photons  in  it. 

Such  behavior  is  at  the  root  of  the  complexities  in  high-precision  analyses 
of  positronium  or  other  QED  bound  states.  It  is  a  direct  consequence  of  the 
multiple  scales  in  the  problem.  Typically  a  nonrelativistic  system  has  three 
important  scales:  the  mass  m  of  the  consistuents,  their  three  momentum 
p  mv,  and  their  kinetic  energy  K  ^  mv^.  Any  expectation  value  like  that 
in  Eq.  (2)  will  be  some  complicated  function  of  ratios  of  these  three  scales: 

(Vs)=a^mF{(p)/m,{K)/m).  (3) 

Since  {p)/m  ^  a  and  {K)lm  ~  a  Taylor  expansion  of  F  in  powers  of 
these  ratios  generates  an  infinite  series  of  contributions  just  as  in  Eq.  (2).  A 
similar  series  does  not  occur  in  the  ^-factor  calculation  because  there  is  but 
one  scale  in  that  problem,  the  mass  of  the  electron.^ 

Traditional  methods  for  analyzing  these  bound  states  fail  to  take  ad¬ 
vantage  of  the  nonrelativistic  character  of  these  systems;  and  atoms  like 
positronium  are  very  nonrelativistic:  the  probability  for  finding  relative  mo¬ 
menta  of  0{m)  or  larger  is  roughly  ^  10“^L  Our  new  strategy  relies 
upon  renormalization  methods  to  separate  relativistic  from  nonrelativistic 
scales,  allowing  us  to  analyze  them  separately.  The  net  effect  is  to  reinstate 
the  Pauli  hamiltonian  as  the  central  object  in  boundstate  analyses  by  devel¬ 
oping  a  renormalization  procedure  for  removing  the  infinities.  In  effect  we 

^The  bound-state  calculation  is  actually  even  worse  than  indicated  because  QED  is  a 
gauge  theory.  The  contribution  from  a  particular  kernel  is  highly  dependent  upon  gauge. 
In  many  three-photon  kernels,  for  example,  the  coefficients  oq  and  ai  in  Eq.  (2)  vanish 
in  Coulomb  gauge  but  not  in  Feynman  gauge.  The  Feynman  gauge  result  is  roughly  10"^ 
times  larger,  and  it  is  largely  spurious:  the  bulk  of  the  contribution  comes  from  unphysical 
retardation  effects  in  the  Coulomb  interaction  that  cancel  when  an  infinite  number  of  other 
diagrams  are  included.  The  Coulomb  interaction  is  instantaneous  in  Coulomb  gauge  and 
so  this  gauge  generally  does  a  better  job  describing  the  fields  created  by  slowly  moving 
charged  particles.  On  the  other  hand  contributions  coming  from  relativistic  momenta  are 
more  naturally  handled  in  a  covariant  gauge  like  Feynman  gauge;  in  particular  renormal¬ 
ization  is  far  simpler  in  Feynman  gauge  than  it  is  in  Coulomb  gauge.  Unfortunately  most 
Bethe-Sal peter  kernels  have  contributions  coming  from  both  nonrelativistic  and  relativis¬ 
tic  momenta,  and  so  there  is  no  optimal  choice  of  gauge.  This  is  again  a  problem  due  to 
the  multiple  scales  in  the  system. 
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are  adapting  the  renormalization  procedure  to  facilitate  boundstate  analyses 
(the  Bethe-Salpeter  formalism  does  the  reverse). 

In  the  following  sections  we  first  review  recent  insights  into  the  nature  of 
quantum  field  theories  and  the  role  of  renormalization  [1].  Then  we  adapt 
these  ideas  to  develop  a  new  field-theoretic  approach  to  nonrelativistic  sys¬ 
tems  that  combines  the  simplicity  of  a  nonrelativistic  analysis  with  the  pre¬ 
cision  of  a  relativistic  analysis.  We  outline  the  steps  needed  in  a  boundstate 
analysis  using  this  new  formalism  [2].  The  renormalization  techniques  that 
we  use  here  are  very  general  and  so  are  broadly  applicable.  To  demon¬ 
strate  this  point  we  end  by  showing  how  these  techniques,  first  developed  for 
positronium  and  muonium  studies,  have  led  to  a  breakthrough  in  the  non- 
perturbative  analysis  of  hadron  structure  in  QCD.  They  have  been  applied  in 
high-precision  studies  of  the  T  and  ip  families  of  mesons  that  have  important 
implications  for  QCD  phenomenology  [3]. 


Renormalization  Revisited 

Despite  the  complexity  of  most  textbook  accounts,  renormalization  is  based 
upon  a  very  familiar  and  simple  idea:  a  probe  of  wavelength  A  is  insensitive 
to  details  of  structure  at  distances  much  smaller  than  A.  This  means  that  we 
can  mimic  the  real  short-distance  structure  of  the  target  and  probe  by  simple 
short-distance  structure.  For  example,  a  complicated  current  source  J(r,  Q 
of  size  d  that  generates  radiation  with  wavelengths  A  >  d  is  accurately  mim¬ 
icked  by  a  sum  of  point-like  multipole  currents  (F^l,  Ml,  etc).  In  thinking 
about  the  long-wavelength  radiation  it  is  generally  much  easier  to  treat  the 
source  as  a  sum  of  multipoles  than  to  deal  with  the  true  current  directly. 
This  is  particularly  true  since  usually  only  one  or  two  multipoles  are  needed 
for  sufficient  accuracy.  The  multipole  expansion  is  a  simple  example  of  a 
renormalization  analysis. 

In  QED,  the  quantum  fluctuations  probe  arbitrarily  short  distances.  This 
is  evident  when  one  computes  radiative  corrections  in  perturbation  theory. 
Ultraviolet  divergences,  coming  from  loop  momenta  ^  oo  (or  wavelengths 
A  ^  0),  result  in  infinite  contributions  —  radiative  corrections  seem  infinitely 
sensitive  to  short  distance  behavior.  Even  ignoring  the  infinities,  this  poses 
a  serious  conceptual  problem  since  we  don’t  really  know  what  happens  as 
k  ^  oo.  For  example,  there  might  be  new  supersymmetric  interactions, 
or  superstring  properties  might  become  important,  or  electrons  and  muons 
might  have  internal  structure.  The  situation  is  saved  by  renormalization 
theory  which  tells  us  that  we  don’t  really  need  to  know  what  happens  at  very 
large  momenta  in  order  to  understand  low-momentum  experiments.  As  in 
the  multipole  expansion,  we  can  mimic  the  complex  high-momentum,  short- 
distance  structure  of  the  real  theory,  whatever  it  is,  by  a  generic  set  of  simple 
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point-like  interactions. 

The  transformation  from  the  real  theory  to  a  simpler  effective  theory, 
valid  for  low-momentum  processes,  is  achieved  in  two  steps.  First  we  intro¬ 
duce  a  momentum  cutoff  A  that  is  of  order  the  momentum  at  which  new 
as  yet  unknown  physics  becomes  important.  Only  momenta  k  <  A  are  re¬ 
tained  when  calculating  radiative  corrections.^  This  means  that  our  radiative 
corrections  include  only  physics  that  we  understand,  and  that  there  are  no 
longer  infinities.  Of  course  we  don’t  really  know  the  scale  A  at  which  new 
physics  will  be  discovered,  but,  as  we  shall  see,  results  are  almost  indepen¬ 
dent  of  A  provided  it  is  much  larger  than  the  momenta  in  the  range  being 
probed  experimentally. 

The  second  step  is  to  add  local  interactions  to  the  lagrangian  (or  hamil- 
tonian).  These  mimic  the  effects  of  the  true  short-distance  physics.  Any 
radiative  correction  that  involves  momenta  above  the  cutoff  is  necessarily 
highly  virtual,  and,  by  the  uncertainty  principle,  most  occur  over  distances  of 
order  1/A  or  less.  Such  corrections  will  appear  to  be  local  to  low-momentum 
probes  whose  wavelengths  A  1/p  are  large  compared  with  1/A.  Thus  the 
correct  lagrangian  for  cutoff  QED  consists  of  the  normal  lagrangian  together 
with  a  series  of  correction  terms: 


=  ^(2^.7-e(A)A.7 
e(A)ci(A)- 
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where  couplings  e(A),  ci(A),  C2(A)  and  d2(A)  are  dimensionless.  The  correc¬ 
tion  terms  are  nonrenormalizable,  but  that  does  not  lead  to  problems  because 
we  keep  the  cutoff  finite.  These  new  interactions  are  far  simpler  to  work  with 
than  the  supersymmetric/superstring/. .  .interactions  that  they  simulate. 

The  correction  terms  in  cutoff  QED  modify  the  predictions  of  the  theory. 
However  the  modifications  are  small  if  A  is  large.  Contributions  from  the 
term,  for  example,  are  suppressed  by  p/A,  where  p  is  the  typical 
momentum  in  the  process  under  study.  The  next  two  terms  are  suppressed 
by  (p/A)^,  and  so  on.  In  principle  there  are  infinitely  many  correction  terms 
in  forming  a  series  in  1/A;  but,  when  working  to  a  given  precision  (ie, 
to  a  given  order  in  p/A),  only  a  finite  number  of  these  terms  is  important. 
Indeed  none  of  these  correction  terms  seems  important  in  any  high-precision 
test  of  QED.  This  indicates  that  the  scale  for  new  physics.  A,  is  quite  large  — 
probably  of  order  a  few  TeV  or  larger. 

^For  clarity’s  sake  we  adopt  a  simple  cutoff  as  our  regulator  here.  In  actual  calculations 
one  generally  tailors  the  regulator  to  optimize  the  calculation. 
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One  of  the  goals  of  high-precision  studies  of  QED  is  the  discovery  of 
new  physics.  The  expansion  (4)  provides  a  useful  parameterization  for  the 
effects  of  new  physics  on  low-momentum  processes.  The  form  of  the  cutoff 
lagrangian  is  independent  of  the  new  physics.  It  is  only  the  numerical  values 
of  the  couplings  c(A),  d(  A). . .  that  contain  information  about  the  new  physics. 
(The  couplings  are  analogous  to  the  multipole  moments  of  a  current  in  our 
example  above.)  Thus  the  implications  of  a  high-precision  test  of  QED  can 
be  expressed  in  a  model-independent  way  as  limits  on  or  values  for  these 
couplings. 


Nonrelativistic  QED  (NRQED) 

In  the  previous  section  we  introduced  a  cutoff  into  QED  in  order  to  exclude 
unknown  physics  from  radiative  corrections.  There  the  value  of  the  cutoff 
was  determined  by  the  energy  threshold  for  new  physics.  In  general,  however, 
we  are  free  to  use  smaller  cutoffs,  in  which  case  the  extra  terms  in  the  cutoff 
lagrangian  compensate  for  known  physics  excluded  by  the  cutoff,  as  well  as 
unknown  physics.  This  means  the  cutoff  can  be  used  as  a  computational  tool 
to  isolate  different  momentum  scales.  For  nonrelativistic  systems,  the  most 
important  dynamical  scales  are  nonrelativistic.  This  suggests  that  we  use  a 
cutoff  of  order  the  constituent  mass.  Then  the  /?  <  A  physics  is  nonrelativistic 
and  explicit  in  our  effective  theory,  while  /:  >  A  physics  is  relativistic  and 
implicit  (ie,  in  the  coupling  constants).  In  this  way  we  use  the  cutoff  to 
separate  relativistic  from  nonrelativistic  scales. 

The  cut-off  version  of  QED  developed  in  the  previous  section  is  not  yet 
particularly  useful  in  the  study  of  nonrelativistic  systems.  Even  when  re¬ 
stricted  by  the  cutoff  to  nonrelativistic  electrons,  the  theory  is  still  basically 
a  Dirac  theory  and  therefore  substantially  more  complicated  than  the  non¬ 
relativistic  theory.  The  utility  of  the  theory  is  greatly  enhanced  if  one  trans¬ 
forms  the  Dirac  field  so  as  to  decouple  its  upper  components,  representing  the 
electron,  from  its  lower  components,  representing  the  positron.  This  can  be 
achieved  using  the  Foldy-Wouthuysen-Tani  transformation [4].  It  transforms 
the  Dirac  lagrangian  into  a  nonrelativistic  lagrangian.  In  QED  it  leads  to 

_ 

•  7  -  m)^  ^ 

+  +  (5) 

277^  Sm^ 

where  —  djj,  -f*  icA.^  is  the  gauge- covariant  derivative,  E  and  B  are  the 
electric  and  magnetic  fields,  and  ip  is  a  two-component  Pauli  spinor  repre¬ 
senting  the  electron  part  of  the  original  Dirac  field.  The  lower  components 
of  the  Dirac  field  lead  to  analogous  terms  that  specify  the  electromagnetic 
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interactions  of  positrons.  The  Foldy- Wont huy sen- Tani  transformation  gen¬ 
erates  an  infinite  expansion  of  the  action  in  powers  of  1/m.  In  an  ordinary 
A  — >  oo  field  theory  this  expansion  is  a  disaster:  the  renormalizability  of 
the  theory  is  completely  disguised  since  it  relies  upon  a  delicate  conspiracy 
involving  terms  of  all  orders  in  1/m.  However,  setting  A  ~  m  implies  that 
the  Foldy- Wouthuysen-Tani  expansion  is  an  expansion  in  1/A,  and  from  our 
general  analysis  of  cut-off  theories  we  know  that  only  a  finite  number  of  terms 
need  be  retained  in  the  expansion  if  we  want  to  work  to  some  finite  order 
in  p/A  ~  p/m  ~  u/c.  Thus,  to  work  through  order  (u/c)^,  we  can  replace 
relativistic  QED  by  a  nonrelativistic  theory  (NRQED)  with  the  lagrangian  [5] 

-Cnrqed  =  +  +  £  +  ^ 
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The  coupling  constants  e,  m,  Ci...are  all  specified  for  a  particular  cutoff 
with  A  ~  m.  Renormalization  theory  tells  us  that  there  exists  a  choice  for 
the  coupling  constants  in  this  theory  such  that  NRQED  reproduces  all  of  the 
results  of  QED  up  to  corrections  of  order  (p/m)^. 

The  values  of  the  coupling  constants  depend  upon  the  choice  of  cutoff 
or  regulator,  since  the  interactions  must  compensate  for  the  finiteness  of  the 
cutoff.  Generally  in  field  theory,  one  has  tremendous  freedom  in  designing 
regulators,  and  that  freedom  should  be  used  to  tailor  the  cutoff  to  the  particu¬ 
lar  problem  of  interest.  For  perturbative  calculations  in  NRQED  it  is  usually 
most  convenient  if  the  regulator  respects  such  symmetries  of  the  theory  as 
gauge  invariance,  rotation  invariance,  and  parity  conservation;  breaking  one 
of  these  symmetries  with  the  cutoff  results  in  a  more  complicated  lagrangian. 
For  example,  if  the  regulator  breaks  the  gauge  symmetry  of  NRQED  then 
extra  gauge  noninvariant  interactions  must  be  added  to  £nrqed  to  cancel 
gauge  noninvariant  effects  induced  by  the  cutoff.  While  it  is  possible  to  work 
with  such  a  regulator,  it  is  usually  simpler  to  maintain  gauge  invariance, 
thereby  avoiding  additional  interaction  vertices.  Insofar  as  jCnrqed  is  not 
Lorentz  invariant,  it  is  not  critical  that  the  regulator  be  Lorentz  invariant, 
although  a  Lorentz  invariant  cutoff  does  simplify  the  calculation  of  some  of 
the  coupling  constants:  for  example,  the  0^(D'*/8m^)^  term  in  £nrqed  has 
no  further  coefficient  if  the  cutoff  is  Lorentz  invariant. 

Obvious  choices  for  the  regulator  include  dimensional  regularization  and 
the  Pauli-Villars  regulator.  One  regulator  that  has  been  used  successfully 


24  Atomic  Physics  in  QED  and  QCD 


with  NRQED  is  based  upon  a  subtraction  scheme:  the  divergences  in  any 
diagram  (or  subdiagram)  are  removed  by  subtracting  counterterms  that  are 
identical  in  structure  to  the  diagram,  or  derivatives  of  the  diagram,  but  eval¬ 
uated  on-shell  and  at  threshold.  [5].  This  regulator  is  particularly  convenient 
for  numerical  work  because  the  subtractions  can  be  made  in  the  integrands 
of  Feynman  integrals,  before  integrating. 

Once  a  regulator  has  been  specified  for  NRQED,  the  coupling  constants 
are  readily  calculated.  One  simple  procedure  is  to  compute  scattering  am¬ 
plitudes  both  in  QED  and  in  NRQED,  and  to  adjust  the  NRQED  coupling 
constants  so  that  the  two  calculations  agree  (to  a  given  order  in  a  and  v/c). 
For  example,  the  coefficient  ci  of  the  W  interaction  can  be  determined 
by  comparing  calculations  in  the  two  theories  of  the  spin-flip  amplitude  for 
an  electron  to  scatter  off  an  external  magnetic  field.  Once  Ci  is  tuned  for  this 
process,  it  is  correct  for  all  other  processes.  One  finds  from  such  calculations 
that  each  of  the  coupling  constants  has  a  perturbative  expansion  in  a;  at 
tree  level,  ci  ==  C2  =  C3  =  1  and  di  =  d2  =  0.  The  electric  charge  e  is  not 
renormalized  in  NRQED  since  vacuum  polarization  corrections  to  the  low- 
energy  photon  propagator  involve  highly  virtual  electron-positron  states  that 
are  omitted  from  the  nonrelativistic  theory;  there  is  no  vacuum  polarization 
in  NRQED.  The  effects  of  vacuum  polarization  on  the  photon’s  dynamics 
are  of  order  a(u/c)^  and  smaller,  and  can  be  incorporated  into  NRQED  by 
adding  new  local  interactions  to  the  photon’s  lagrangian.^ 

NRQED  for  Simple  Atoms 

NRQED  is  far  simpler  to  use  than  the  original  relativistic  theory  when  study¬ 
ing  nonrelativistic  atoms  like  positronium.  The  analysis  falls  into  two  parts. 
First  one  must  determine  the  coupling  constants  in  the  NRQED  lagrangian. 
This  is  easily  done  by  comparing  simple  scattering  amplitudes  computed  in 
both  QED  and  NRQED,  as  discussed  in  the  previous  section.  Since  the  cou¬ 
plings  contain  the  relativistic  physics,  this  part  of  the  calculation  involves 
only  scales  of  order  m;  it  is  similar  in  character  to  a  calculation  of  the  g- 
factor.  Furthermore  there  is  no  need  to  deal  with  complicated  bound  states 
at  this  stage.  Having  solved  the  high-energy  part  of  QED  by  computing  the 
coupling  constants  in  jCnrqed^  one  goes  on  to  solve  NRQED  for  any  nonrela¬ 
tivistic  process  or  system.  To  study  positronium  one  uses  the  Bethe-Salpeter 
equation  for  this  theory,  which  is  just  the  Schrodinger  equation,  and  ordi¬ 
nary  time-independent  perturbation  theory.  One  of  the  main  virtues  of  this 

^The  leading  correction  involves  an  operator  The  equations  of  motion  imply 

that  such  a  term  can  be  replaced  by  four-fermion  interactions  such  as  those  already  present 
in  £nrqed-  In  higher  orders  there  are  four-photon  vertices  of  the  sort  computed  (long 
ago)  by  Euler  and  Heisenberg. 
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approach  is  that  it  builds  directly  on  the  simple  results  of  nonrelativistic 
quantum  mechanics,  leaving  our  intuition  intact.  Even  more  important  for 
high-precision  calculations  is  that  only  two  dynamical  scales  remain  in  the 
problem,  the  momentum  and  the  kinetic  energy,  and  these  are  easily  sepa¬ 
rated  on  a  diagram- by- diagram  basis.  As  a  result  infinite  series  in  a  can  be 
avoided  in  calculating  the  contributions  due  to  individual  diagrams,  and  thus 
it  is  trivial  to  separate,  say,  0{a^)  contributions  from  0{a^)  contributions.^ 
Positronium  is  composed  entirely  of  leptons;  ordinary  atoms  like  hydrogen 
can  also  be  analyzed  using  NRQED.  The  major  difference  is  that  the  nucleus 
in  such  atoms  has  structure.  NRQED  allows  us  to  incorporate  the  effects 
of  this  structure  in  a  systematic  and  rigorous  fashion.  The  proton  in  the 
hydrogen  atom,  for  example,  is  treated  as  a  point-like  particle  described  by 
a  lagrangian  that  is  identical  in  form  to  the  electron’s  lagrangian  (Eq.  (6)). 
The  proton’s  structure,  being  very  short-ranged,  enters  only  through  the 
coupling  constants  Ci,  C2  • . . .  Lacking  a  complete  theory  of  proton  structure, 
we  are  unable  to  compute  these  coupling  constants.  However,  we  can  measure 
them:  for  example,  Ci,  C2,  and  C3  are  completely  determined  by  the  proton’s 
magnetic  moment  and  charge  radius,  and  by  relativistic  invariance.  Thus 
proton  structure  is  for  our  purposes  completely  specified  by  a  small  number  of 
coupling  constants,  the  actual  number  depending  upon  the  accuracy  needed. 
Given  these  couplings,  one  can  forget  that  the  proton  has  structure  and  treat 
it  as  we  treat  electrons. 


T’s  on  the  Lattice 

The  renormalization  techniques  discussed  in  the  previous  section  are  very 
general  and  can  be  used  in  nonperturbative  as  well  as  perturbative  prob¬ 
lems.  One  illustration  is  a  recent  analysis  of  the  T  family  of  mesons.  The 
(heavy)  quarks  in  these  mesons  are  so  strongly  bound  that  the  traditional 
perturbative  techniques  used  to  study  QED  atoms  like  positronium  are  use¬ 
less.  A  nonperturbative  treatment  is  called  for.  Currently,  the  most  effective 
approach  to  nonperturbative  QCD  relies  upon  numerical  lattice  simulations 
in  which  continuous  space-time  is  replaced  by  a  discrete  grid  with  a  small 
lattice  spacing  a.  The  lattice  is  nothing  more  than  a  type  of  cutoff;  lattice 
field  theories  are  cut-off  field  theories.  In  a  lattice  simulation,  physics  at  mo¬ 
menta  k  <7r/a  is  explicit  and  is  analyzed  using  Monte  Carlo  evaluations  of 

^Furthermore  the  choice  of  gauge  is  now  obvious.  In  computing  the  coupling  constants 
for  NRQED,  one  uses  a  covariant  gauge  like  Feynman  gauge  since  this  calculation  involves 
only  relativistic  momenta.  These  couplings  are  gauge  invariant  provided  the  cutoff  used  in 
defining  NRQED  is  gauge  invariant.  Thus  when  we  use  NRQED  to  compute  the  properties 
of  positronium,  for  example,  we  are  free  to  choose  Coulomb  gauge,  the  optimal  choice  for 
nonrelativistic  systems. 
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the  path  integrals  that  define  the  theory.  Contributions  from  k  >  7^1  a  enter 
only  implicitly,  through  the  couplings  in  the  lattice  lagrangian.  In  QCD, 
these  couplings  are  computed  using  perturbation  theory.^ 

The  spectrum  indicates  that  the  h  quarks  are  nonrelativistic  in  T’s,  with 
velocities  v  such  that  This  means  the  most  effective  formalism  for 

studying  their  static  properties  is  the  lattice  version  of  NRQCD.  The  NRQCD 
lagrangian  is  almost  identical  to  the  NRQED  lagrangian,  the  main  difference 
being  that  the  vector  potential  is  a  (nonabelian)  matrix  operator  in  NRQCD. 
On  the  lattice,  derivatives  in  the  lagrangian  are  replaced  by  differences,  and 
new  correction  terms,  for  cutoff- related  errors  of  order  a,  a^. . . ,  are  added  to 
the  lagrangian.  The  details  are  described  in  [6].  Here  we  describe  results  from 
a  simulation  with  a  lattice  spacing  of  about  1/12  fm  (a“^  2.4  GeV)  [7].  This 

simulation  employed  the  leading  terms  in  the  NRQCD  lagrangian  as  well  as 
all  of  the  0{v'^)  corrections. 

The  T  spectrum  is  very  well  described  by  the  simulation.  Simulation 
results  for  the  low-lying  and  ^Pi  energies  are  shown  in  Figure  1.  These 
compare  well  with  experimental  results  (the  horizontal  lines),  as  they  should 
since  systematic  errors  are  estimated  to  be  less  than  20-40  MeV.  It  is  im¬ 
portant  to  realize  that  these  are  calculations  from  first  principles.  The  only 
inputs  are  the  lagrangians  describing  gluon  and  quark  dynamics,  and  the 
only  parameters  are  the  bare  coupling  constant  and  the  bare  quark  mass.  In 
particular,  these  results  are  not  based  on  a  phenomenological  quark- potential 
model.  These  are  among  the  most  accurate  lattice  results  to  date. 

The  relativistic  corrections  in  the  NRQCD  lagrangian  have  only  a  small 
effect  on  the  overall  spectrum,  but  the  spin  structure  is  strongly  affected. 
The  lowest-order  lagrangian  is  spin  independent,  and  gives  no  spin  splittings 
at  all.  Simulation  results  for  the  spin  structure  of  the  lowest  lying  P  state 
are  shown  in  Figure  2.  Again  these  compare  very  well  with  the  data,  giving 
strong  evidence  that  correction  terms  in  the  lagrangian  work.  Systematic 
errors  here  are  estimated  to  be  of  order  5  MeV. 

The  correction  terms  also  affect  the  simulation  mass  of  the  T.  The  non¬ 
relativistic  action  gives  only  part  of  the  total  energy  or  mass  of  the  meson. 
The  full  mass  is  obtained  by  adding  the  masses  of  the  quarks  to  the  meson’s 
nonrelativistic  energy  F^nr- 

Mt  —  2  [ZmM^  —  jFo)  +  £^nr 

where  Zm  and  Eq  are  ultraviolet  renormalizations  that  are  computed  us¬ 
ing  perturbation  theory,  is  a  tunable  parameter  of  the  theory,  and  F^nr 
is  computed  in  the  simulation.  The  bare  quark  mass  in  this  simulation 

^Perturbation  theory  is  useful  in  QCD  for  computing  high-momentum,  short-distance 
quantities,  like  couplings,  but  not  for  low-momentum,  long-distance  quantities,  like  meson 
structure. 
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Figure  1:  NRQCD  simulation  results  for  the  spectrum  of  the  and 

h(,{^Pi)  and  their  radial  excitations.  Experimental  values  (dashed  lines)  are 
indicated  for  the  5-states,  and  for  the  spin-average  of  the  P-states.  The 
energy  zero  for  the  simulation  results  is  adjusted  to  give  the  correct  mass  to 
the  T. 


Figure  2:  Simulation  results  for  the  spin  structure  of  the  lowest  lying  P-state 
in  the  T  family.  The  dashed  lines  are  the  experimental  values  for  the  triplet 
states,  and  the  experimental  spin  average  of  all  states  for  the  singlet  (hi,). 
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was  tuned  so  that  this  formula  gave  Mr  =  9.5(1)  GeV  (the  correct  value 
is  9.46  GeV).  The  T  mass  was  also  determined  a  second  way  in  the  simu¬ 
lation  by  computing  the  nonrelativistic  energy  of  an  T  as  a  function  of  its 
momentum  p,  and  fitting  its  low-momentum  behavior  to  the  form 

This  determined  the  kinetic  mass  Mkin  of  the  meson.  In  a  purely  non¬ 
relativistic  theory  the  kinetic  mass  equals  the  sum  of  the  quark  masses. 
Only  when  relativistic  corrections  are  included  is  this  mass  shifted  to  in¬ 
clude  the  binding  energy,  giving  Mt.  The  simulation  without  corrections 
gave  Mkin  =  8.2(1)  GeV,  which  disagrees  with  the  upsilon  mass  determined 
using  Eq.  (7).  When  the  relativistic  corrections  were  included,  the  simulation 
gave  Mkin  =  9.6(1)  GeV,  which  is  in  excellent  agreement.  All  of  the  spin- 
independent  corrections  in  the  NRQCD  lagrangian  contribute  to  the  shift 
in  Mkin;  once  again  we  have  striking  evidence  that  cut-off  theories  work. 

This  simulation  has  only  two  parameters:  the  bare  coupling  constant  and 
the  bare  quark  mass.  These  were  tuned  to  fit  experimental  data.  From  the 
bare  parameters  we  can  compute  the  renormalized  coupling  and  mass.  This 
simulation  implies  that  the  renormalized  or  “pole  mass”  of  the  6-quark  is 

Mk  =  5.0(2)  GeV.  (9) 

The  renormalized  coupling  that  is  obtained  corresponds  to 

=  0.115(2),  (10) 

which  agrees  with  results  from  high-energy  phenomenology  and  is  about  as 
accurate.  This  last  result  is  striking:  it  shows  that  the  QCD  of  hadronic 
structure  and  the  QCD  of  high-energy  quark  and  gluon  jets  are  really  the 
same  theory. 


Conclusions 

I  have  described  how  cut-off  field  theories  can  be  used  as  a  powerful  computa¬ 
tional  tool,  allowing  us  to  isolate  and  solve  separately  the  short-distance  and 
long-distance  parts  of  a  field  theory.  I  have  outlined  how  one  adapts  these 
techniques  to  take  advantage  of  nonrelativistic  expansions  in  perturbative 
and  nonperturbative  analysis.  These  ideas  and  techniques  are  broadly  appli¬ 
cable  in  atomic,  nuclear  and  particle  physics.  In  particular  they  have  allowed 
us  to  analyze  the  structure  of  T  mesons  from  first  principles  —  something  re¬ 
garded  as  completely  impossible  before  these  methods  were  developed.  The 
results  are  precise  and  agree  well  with  experiment. 
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The  lattice  analysis  is  particularly  significant  because  it  demonstrates 
that  accurate  results  are  possible  even  on  a  relatively  coarse  grid  —  our  grid 
spacing  a  was  about  half  the  radius  of  an  T.  This  suggests  that  light  hadrons, 
which  are  much  larger,  can  be  analyzed  on  still  coarser  grids,  perhaps  with 
lattice  spacings  as  large  as  0.4  fm.  Such  lattices  are  much  coarser  than  what 
is  commonly  used  in  simulations  today,  and  consequently  require  much  less 
computing  power  (by  factors  of  10^  or  10®).  If  coarse  lattices  really  do  work 
for  light  hadrons,  the  shift  to  small  lattices  and  improved  lagrangians  will 
have  a  revolutionary  impact  on  numerical  QCD. 
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Abstract.  The  advent  of  heavy-ion  cooler  rings  has  created  a  completely  new  scope 
for  the  application  of  laser  spectroscopy  on  accelerator  beams.  The  unique  potential 
opened  for  laser  spectroscopic  applications  by  the  exotic  properties  of  the  sto-ed  ions 
can  be  exploited  to  address  fundamental  problems  of  physics. 

The  high,  but  very  well  controlled  velocity  of  the  ions  has  been  used  as  a  tesi  ground 
for  the  theory  of  special  relativity.  The  availability  of  highly-charged  ions  beyond 
all  previous  possibibties  has  been  exploited  for  precision  laser  spectroscopy  of  the 
ground  state  hyperfine  splitting  of  heavy  hydrogen-like  ions.  This  represents  a  novel 
opportunity  to  study  QED  corrections  in  the  previously  unexplored  combination  of 
strong  magnetic  and  electric  fields. 


Introduction 

The  use  of  exotic  atoms,  i.e.  atoms  deviating  strongly  from  the  varieties 
found  in  nature,  has,  in  many  cases,  allowed  the  choice  of  an  experimental  sit¬ 
uation  which  is  interpreted  more  easily  than  its  standard  counterpart.  Often 
the  production  of  such  species  requires  the  use  of  particle  accelerators.  Typical 
examples  are  muonic  and  radioactive  atoms,  but  also  highly  charged  ions  and 
ions  moving  at  a  relativistic  speed,  as  discussed  here.  The  main  attrachon 
to  performing  precision  laser  spectroscopy  in  a  storage  ring  is  the  availability 
of  candidates  which  cannot  be  found  otherwise.  One  of  the  unique  properties 
that  can  be  provided  in  a  storage  ring  is  a  beam  of  particles  of  relativistic 
speed  but  with  superb  beam  quality.  These  ions  can  be  used  as  moving  clocks 
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with  optical  frequencies,  moving  in  a  well-controlled  trajectory,  thus  provid¬ 
ing  a  test  of  special  relativity.  For  the  first  time  the  requirements  for  high 
resolution  laser  spectroscopy  are  fullfilled  for  a  test  candidate  at  a  speed  large 
compared  to  the  motion  of  the  earth.  The  extension  to  higher  charged  ions  was 
finally  successfully  demonstrated  by  performing  precision  laser  spectroscopy  on 
hydrogen-like  bismuth  ions. 

Laser  Experiments  at  Ion  Cooler  Rings 

Limitations  in  beam  quality  and  interaction  time  restricted  the  application 
of  lasers  at  accelerator  beams  in  the  past  to  exotic  single  events.  The  potential 
offered  by  an  improvement  of  the  experimental  conditions  was  realized  very 
early  in  the  planning  of  the  modern  heavy-ion  storage  rings. 

The  key  experimental  feature  of  heavy-ion  cooler  rings  in  comparison  to 
standard  accelerators  besides  the  increase  in  interaction  time  is  the  dramatic 
improvement  of  the  beam  quality  achieved  by  electron  cooling.  This  technique 
was  demonstrated  for  the  first  time  in  1969  at  the  proton  storage  ring  in 
Novosibirsk  [1]  and  was  then  applied  to  a  number  of  other  proton  storage  rings. 
The  history  of  the  young  field  of  laser  spectroscopy  at  heavy-ion  storage  rings 
exhibits  a  rapid  growth  which  is  still  going  on.  Following  the  inauguration 
of  the  TSR  in  Heidelberg  at  Christmas  in  1987,  first  results  of  spectroscopy 
on  lithium  ions  were  already  presented  at  the  Workshop  of  Crystalline  Ion 
Beams  in  fall  1988  in  Wertheim  [2].  In  the  following  year,  first  successes  in 
laser  cooling  were  achieved,  both  at  the  TSR  and  at  the  ASTRID  storage  ring 
in  Aarhus. 

The  transfer  of  the  new  experimental  techniques  onto  heavier  and  more 
energetic  ions  at  the  ESR  in  Darmstadt  proved  to  be  more  complicated.  Here, 
at  ion  energies  between  100  and  500  MeV/nucleon,  fully  stripped  ions  up  to 
can  be  produced  and  stored. 

Test  of  Special  Relativity 

The  concept  of  space-time  in  the  special  theory  of  relativity  is  related 
to  the  symmetries  of  the  Maxwell  equations.  The  theory  had  to  provide  a 
correct  description  of  electro-magnetic  processes  in  differently  moving  frames 
of  reference,  once  the  idea  of  an  ether  was  ruled  out  by  the  Michelson-Morley 
experiment.  The  transformation  between  the  inertial  frames  is  described  by 
the  Lorentz-transformation.  According  to  this,  the  Doppler-shifted  frequency 
of  a  fast  moving  clock  is  given  by 

^  =  i'i,2(7(l -f-/3cos^))~^ 
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where  j/1^2  is  the  clock  frequency  at  rest,  j3  is  the  relative  velocity,  /3  =  v/c, 
and  6  the  angle  measured  in  the  laboratory  frame.  Within  the  framework  of 
special  relativity  7  =  (1  -  is  valid.  Using  a  well  known  transition  in  a 

fast  moving  ion,  any  deviation  given  as  7  =  1srt{  1  +  4-  ...)  can 

be  tested  to  second  order  by  an  exact  measurement  of  1/1^2  and  the  resonance 
frequencies  observed  in  parallel  and  antiparallel  geometry  Ua  and  i/p  by 

'  ^2lvp  •  (1  + 2^a:(/3^  +  2^/5' cos  fi)) 

The  term  is  sensitive  on  absolute  deviations,  the  term  /3/3^cos(r2)  on  side¬ 
real  modulations  of  deviations  from  special  relativity,  denotes  the  relative 
velocity  of  the  earth’s  reference  frame  relative  to  a  universal  reference  frame, 
usually  derived  from  the  anisotropy  of  the  3K  background  radiation.  A  first 
test  of  the  quadratic  Doppler  shift  was  published  by  Ives  and  Stilwell  in  1938 
[3].  In  the  last  several  years,  a  number  of  high  resolution  laser  experiments 
have  been  reported  and  analyzed  for  limits  on  Sa,  Three  of  them  [4-6]  have 
been  performed  as  two-photon  spectroscopy  on  a  “fast”  neon  atomic  beam 
at  /3  -  0.0036.  As  the  best  result,  an  absolute  limit  for  8a  <  1.6  •  10"®  [6] 
and  a  limit  on  sidereal  modulation  8a  <1.4-10  ®  [5]  was  reported.  Since 
the  anisotropy  of  the  cosmic  background  radiation  implies  a  velocity  of  the 
earth’s  frame  of  reference  of  350  km/s,  experiments  at  higher  velocities  like 
the  experiment  at  LAMPF  [7],  performed  on  an  accelerated  beam  of  H"  at 
/3  =  0.84,  are  favourable.  With  the  spectral  resolution  of  2.7  •  10"“*  achieved, 
the  sensitivity  on  0:2  gives  an  upper  limit  of  1.3  •  10"^  for  this  parameter  due 
to  the  large  Doppler  shift. 


Experimental  Set-Up  at  the  TSR 

The  experiments  at  the  TSR  storage  ring  were  performed  on  singly  charged 
^7/2+  ions  accelerated  to  13.3  MeV,  corresponding  to  a  velocity  of /3  =  0.064. 
About  10  -  20  %  of  these  ions  are  formed  in  the  metastable  ^5-state  in  the 
stripper  foil  of  the  TANDEM  accelerator.  The  current  in  the  storage  ring 
is  increased  by  multiturn  injection.  For  the  experiments  10®  Li'^  ions  were 
stored  in  the  ring.  The  triplet  system  of  helium-like  ^Li+  shows  a  well  resolved 
and  precisely  known  fine  and  hyperfine  structure  multiplet.  For  the  stringent 
test  of  relativity  high-resolution  saturation  spectroscopy  was  performed  in  the 
A  system  given  by  the  transitions  ^Si  F=3/2  — >  ^p2  F’=5/2  and  F=5/2 
— ►  3p2  F’=5/2.  The  experimental  set-up  shown  in  Fig.  1  is  described  in  detail 
in  [8]. 

A  single-mode  Ar"**  laser  stabilized  on  a  saturation  resonance  which 
is  a  recommended  frequency  standard  [10]  and  a  tunable  dye  laser  modified 
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Figure  1:  Experimental  set-up  of  the  relativity  experiment  at  the  TSR 


towards  a  better  frequency  stability  were  used.  The  frequency  of  the  scanning 
laser  was  determined  by  simultaneous  recording  of  HFS  resonances  of 
the  R(99)  15-1  transition.  The  frequency  of  the  i-component  of  this  transition 
has  been  calibrated  with  high  accuracy  at  the  Michelson  interferometer  at  the 
PTB-Braunschweig  [9].  In  order  to  assure  a  well-defined  collinearity  of  the  two 
laser  beams,  both  beams  were  sent  through  the  same  polarization  preserving 
single-mode  fiber  over  a  distance  of  20  m  before  entering  the  experimental  sec¬ 
tion  of  the  TSR.  This  bichromatic  beam  was  focused  on  a  plane  mirror  behind 
the  experimental  section  at  15  m  distance.  An  angular  accuracy  of  A<^  <  ±40 
/irad  was  achieved  by  adjusting  the  retro-reflected  laser  beams  for  maximum 
transmission  back  into  the  fibre.  The  optical  resonances  were  detected  in  fluo¬ 
rescence  by  two  photomultipliers,  equipped  with  filters  to  suppress  stray  light. 
The  alignment  of  the  laser  beams  and  the  ion  beam  was  controlled  by  four 
position  pick-ups  mounted  at  a  distance  of  2.4  m  in  the  experimental  section 
of  the  TSR  [11].  The  alignment  accuracy  of  the  pick-ups  corresponds  to  an 
angular  uncertainty  8B  <  ±370  /xrad. 

To  perform  laser  spectroscopy,  the  injected  ion  beam  was  first  electron- 
cooled  for  7  sec.  During  this  time,  the  laser  beams  were  blocked  mechanically 
in  order  to  avoid  optical  pumping  during  the  longitudinal  velocity  change  asso¬ 
ciated  with  the  electron  cooling.  To  produce  the  spectrum  displayed  in  trace 
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Fio^ure  2:  Laser-induced  fluorescence  spectra  of  electron-cooled  at  the  TSR.  The 

lower  trace  shows  the  Doppler  broadened  bne  of  the  F  =5/2  ^  F’=  7/2  transition  excited 
by  the  dye  laser  alone.  The  upper  trace  is  recorded  while  additionally  the  fixed-frequency 
the  Ar+  laser  is  exciting  this  same  transition,  producing  a  narrow  A-resonance. 


1  of  Fig.  2,  only  the  dye  laser  is  sent  to  the  experiment  and  the  Doppler- 
broadened  fluorescence  of  the  F=5/2  — >  F’=7/2  transition  is  visible.  The 
FWHM  corresponds  iodv/v  =  Z  '  10"^  To  obtain  the  saturation  spectroscopy 
signal,  the  Ar"*"  laser  is  kept  at  resonance  with  the  F=5/2  — >  F’=5/2  transi¬ 
tion.  Optical  pumping  depletes  the  F=5/2  level  as  probed  in  the  dye  laser 
scan.  Instead  of  the  F=5/2  ^  F’=7/2  transition,  the  resonance  F=3/2 
F’— 5/2  now  yields  a  strong  fluorescence  from  the  simultaneous  excitation  of 
the  A  system.  Figure  3  shows  the  final  high-resolution  spectrum  of  this  A 
resonance.  The  frequency  scale  is  relative  to  the  position  of  the  R(99)  15-1 
i-component  of  the  iodine  spectrum  serving  as  a  frequency  reference  for  the 
antiparallel  dye  laser  beam. 


Results 

Once  a  high-resolution  scheme  as  represented  by  the  spectroscopy  of  the 
A  resonance  is  established  the  main  concern  is  to  exclude  sources  of  system¬ 
atical  uncertainties.  Some  of  these  can  be  traced  by  a  detailed  change  of  the 
experimental  parameters.  The  effect  of  AC  Stark  shift  of  the  A  resonance  is 
investigated  by  measurements  at  different  ion  velocities,  where  the  fixed  fre¬ 
quency  Ar+  laser  is  not  resonant  at  the  center  of  the  Doppler  profile  of  the 
velocity  distribution.  An  influence  smaller  than  Ai/  <  1  MHz  was  deduced. 
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Figure  3:  Laser- induced  fluorescence  spectrum  of  the  A-resonance.  The  lower  part  shows 
the  simultaneously  recorded  saturated  absorption  spectrum  of  The  frequency  scale  is 

relative  to  the  R(99)  15-1  i-component. 

The  shift  due  to  photon  recoil  can  be  experimentally  established  by  changing 
the  role  of  the  two  lasers.  A  maximal  shift  of  A i/  <  0.7  MHz  has  been  ob¬ 
served.  The  linewidth  of  the  resonance  of  F  =  60  MHz  is  twice  the  expected 
linewidth.  By  changing  the  ion  beam  intensity  an  influence  of  the  properties 
of  the  storage  ring  on  this  broadening  could  be  excluded.  An  explanation  of 
the  linewidth  is  given  by  irregularities  in  the  phase  front  of  the  laser  beams. 
Assuming  that  the  additional  linewidth  is  caused  by  such  wavefront  distortions 
a  possible  systematic  shift  of  Az/  <  2.7  MHz  has  to  be  accepted,  which  con¬ 
stitutes  the  largest  contribution  to  the  experimental  uncertainties,  including 
the  statistical  quality  of  the  data.  The  measured  frequency  is  finally  quoted 
as  =  512667592.4(3.1)  MHz.  The  prediction  of  special  relativity  can  be 
calculated  by  taking  the  product  of  the  frequencies  of  the  F=3/2  — >  F’=5/2 
and  the  F=:5/2  ^  F’=5/2  transition  in  ’^Li'^  at  rest  [12,13]  divided  by  the 
Doppler-shifted  value  given  by  the  frequency  of  the  Ar"*"  laser.  This  leads  to 
^SRT  —  512667588.2(7).  The  frequency  difference  between  these  values  of  Az/ 
—  4. 2(3.2)  MHz  is  compatible  with  zero  and  confirms  the  validity  of  special 
relativity.  For  the  deviation  from  the  expectation  of  special  relativity  a  value 
of  (^a  <  8  •  10“”^  is  deduced  [8]. 

Considering  a  precise  velocity  control  by  simultaneous  laser  cooling  of  the 
beam,  and  an  increased  quality  of  the  laser  wavefronts,  the  final  accuracy 
should  be  determined  by  the  angular  setting  of  laser  and  ion  beam  which  has 
been  quoted  as  Az/  <  0.29  MHz.  Compared  to  the  quoted  uncertainty  in  the 
present  experiment  of  3.2  MHz  the  ultimate  limit  caused  by  imperfections  of 
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the  laser  beam,  beam  alignment  and  signal  distortions  by  time-of-flight  effects 
in  the  interaction  region  should  allow  an  increase  in  precision  by  at  least  one 
order  of  magnitude.  A  further  improvement  seems  possible  by  an  increase  in 
the  ion  velocity,  for  instance  to  /3  ~  0.4  as  in  reach  at  the  ESR.  Due  to  the 
much  higher  velocity,  an  increase  in  sensitivity  of  10^  can  be  hoped  for. 

Laser  Fluorescence  Spectroscopy  of  the 
Ground  State  Hyperfine  Splitting 

The  measurement  of  the  hyperfine  splitting  (HFS)  of  hydrogen-like  2093182+ 
ions  for  the  first  time  provides  a  test  of  QED  corrections  to  the  magnetic  dipole 
interaction  between  the  K-shell  electrons  and  the  nucleus  in  the  strong  field 
of  the  highly  charged  ion  [14].  Since  the  HFS  splitting  is  proportional  to  Z  , 
the  wavelength  of  the  Ml-transition  is  in  the  optical  regime  for  high  Z.  For  a 
number  of  nuclei,  including  bismuth,  where  data  on  the  nuclear  parameters  are 
available  from  electron  scattering  experiments  and  measurements  on  muonic 
atoms,  the  transition  energy  without  QED  corrections  can  be  evaluated  with 
good  precision  in  the  frame  of  Dirac’s  theory  [15].  For  209gj82+  Z  =  83, 
nuclear  spin  1=9/2  and  a  magnetic  nuclear  dipole  moment  of  fii  =  4.1 
the  calculated  splitting  is  approximately  243  nm  [16,17],  in  contrast  to  21  cm 
for  the  same  transition  in  atomic  hydrogen.  The  calculated  lifetime  of  the 
upper  level  is  about  0.4  ms  [15]. 


The  Experiment 

The  experiment  [19]  (Fig.  4)  was  performed  at  the  ESR  in  Darmstadt  [20]. 
Up  to  1.8-  10®  209^^82+  -Qjjg  (4mA)  were  stored  in  the  ESR  with  219  MeV/u 
(/3  =  0.59,  Ap/p  =  5  •  10"^).  In  the  experimental  section  the  ion  beam  was 
overlapped  antiparallel  with  high-power  light  pulses  (energy  10  mJ  at  the  site 
of  the  ions,  duration  30  ns  FWHM,  repetition  rate  200  Hz)  from  an  excimer 
laser  pumped  tunable  dye  laser.  The  laser  wavelength  in  the  laboratory  frame 
was  ~  480  nm.  The  position  of  laser  beam  and  ion  beam  in  the  interaction 
region  could  be  determined  with  movable  scraper  blades  in  the  ESR  at  two 
points  (distance  6m  in  the  experimental  section)  in  horizontal  and  vertical 
direction.  The  laser  beam  position  was  controlled  by  several  removable  posi¬ 
tion  monitors. 

Due  to  the  long  lifetime  of  the  upper  HFS  level,  the  decay  takes  place  along 
the  entire  beam  path  of  the  ESR  (108  m).  Fluorescence  was  collected  by  a  60 
cm  long  elliptical  mirror  system  and  detected  by  three  photomultipliers.  The 
mirrror  covered  a  fraction  of  5  •  10~*^  of  all  decay  events  over  the  total  length. 
Since  the  detector  system  accepts  large  angles,  the  Doppler  effect  leads  to  a 
spectral  width  ranging  from  about  200  nm  to  450  nm.  The  detection  by  the 
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Figure  4.  Experimental  arrangement  at  the  ESR.  a)The  pulses  of  an  excimer  pumped 
dye  laser  are  overlapped  counterpropagating  with  the  ion  beam  circulating  in  the 

ESR.  The  overlap  is  adjusted  by  beam  scrapers  and  observed  by  laser  beam  monitors.  The 
fluosrescence  signal  is  detected  by  3  photomultipliers.  The  time  delay  of  every  photon  event 
against  the  laser  pulse  is  recorded  via  a  multi-hit  TDC  for  on-line  analysis,  b)  Elliptical 
mirror  system  for  efficient  fluorescence  detection.  Fluorescence  light  is  focused  on  the  cooled 
photomultiplier  (PM)  cathode. 
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photomultipliers  was  limited  on  the  low-wavelength  side  by  the  transmission 
cut-off  of  the  sapphire  vacuum  window  and  on  the  other  one  by  color  glass 
filters,  necessary  to  suppress  scattered  laser  light  (A  =  480  nm). 

The  time  structure  of  the  expected  signal  requires  time  resolving  data  ac¬ 
quisition.  The  pulsed  laser  beam  (30  ns)  overlaps  the  circulating  DC  ion  beam 
only  over  approximately  10  m  out  of  a  total  length  of  108  m.  W^ith  the  revo¬ 
lution  frequency  of  1.626  MHz  the  signal  structure  results  in  a  ~  100  ns  long 
excited  beam  section,  passing  the  detectors  every  615  ns.  The  dark  count  rate 
of  the  multiplier  can  be  reduced  by  a  factor  of  six  by  time  grtes  synchronized 
with  the  circulating  laser  excited  ions. 

This  was  realized  via  a  multi-hit  TDC  with  a  resolution  of  Ins  and  a  total 
range  of  8  ms.  The  light  pulse  of  the  excimer  laser  detected  by  a  photodiode 
was  used  as  a  trigger  for  the  measurement  window.  Every  single  photon  event 
whithin  the  gate  of  1  ms  was  recorded  as  an  individual  stop  of  the  TDC  and 
read  out  via  CAMAC/VME.  This  also  allowed  a  precise  determination  of  the 
lifetime  of  the  excited  state. 


Results  and  Conclusions 

The  resonance  in  the  Ml-transition  of  hydrogen-like  209g^82+  shown  in 
Fig.  5a.  The  transition  wavelength  was  measured  to  be  A  -  243.87(4)  nm, 
which  is  close  to  the  value  calculated  for  the  extended  nuclear  charge  distribu¬ 
tion  and  taking  the  distribution  of  the  nuclear  magnetization  (Bohr-Weisskopf 
effect)  into  account,  but  not  correcting  for  QED  effects.  In  addition  the  life¬ 
time  of  the  excited  state  (Fig.  5b)  could  be  determined  by  keeping  the  laser  in 
resonance  for  90  minutes.  The  exponential  fit  yields  r  =  0.351(16)  ns,  about 
15  %  shorter  than  calculated. 


A  complete  theoretical  evaluation  of  the  hyperfine  splitting  is  not  presently 
available.  Recent  calculations  [15,16]  take  into  account  the  distributions  of 
the  extended  nuclear  charge  and  nuclear  magnetization  (Bohr-Weisskopf  ef¬ 
fect),  but  do  not  include  contributions  from  QED.  A  transition  wavelength 
between  242.3  nm  and  244.8  nm  is  obtained,  depending  mostly  on  the  par¬ 
ticular  treatment  of  the  Bohr-Weisskopf  shift,  which  has  a  total  magnitude  of 
about  6  nm. 

Up  to  now,  only  the  vacuum  polarization  (VP)  term  of  the  QED  corrections 
has  been  calculated,  resulting  in  a  shift  of -1.6  nm  [16,17].  Calculations  of  the 
self-energy  (SE)  contributions  in  a  combination  of  strong  magnetic  and  electric 
fields  are  under  way.  Together  with  the  above  VP  correction  and  the  splitting 
energy  calculated  without  QED,  the  experimental  transition  wavelength  of 
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Figure  5:  a)  Laser-induced  Fluorescence  spectrum  of  the  (F  =  5  — >  F  =  4)  -  transition  of 
the  Is-state  of  The  Doppler  width  of  the  line  is  determined  by  the  ion  velocity. 

The  uncertainty  of  the  ion  velocity  results  in  a  wavelength  uncertainty  of  0,04  nm  indicated 
by  the  error  bar  below  the  signal.  The  spectrum  was  measured  with  600  laser  pulses  per 
channel,  b)  Decay  of  the  (F  =  5)-  level  in  the  ground  state  of  The  fluorescence  is 

recorded  as  a  function  of  the  time  delay  after  the  laser  pulse. 


243.87(4)  nm  can  be  used  to  extract  a  range  of  values  for  the  relative  size 
of  the  SE  and  VP  contributions.  Ratios  between  SE/VP  =  -0.4  and  -2  are 
obtained,  differing  substantially  from  SE/VP  ss  -  4  found  in  the  computations 
of  the  Lamb  shift  in  heavy  hydrogen-like  ions  [18]. 

In  order  to  disentangle  the  contributions  due  to  the  nuclear  size,  the  QED 
corrections  and  the  Bohr-Weisskopf  effect,  the  hyperfine  structure,  splitting 
of  the  ground  states  of  other  hydrogen-like  systems  should  be  investigated. 
Figure  6  shows  the  size  of  the  hyperfine  splitting  in  the  rest  frame  of  a  num¬ 
ber  of  candidates  for  optical  spectroscopy  at  the  ESR.  Varying  the  proton 
number  by  investigations  of  several  elements  and  varying  the  distribution  of 
nuclear  charge  and  magnetism  by  measurements  on  different  isotopes  of  the 
same  element,  one  can  hope  to  get  a  key  to  a  quantitative  understanding  of 
the  hyperfine  splitting  of  hydrogen-like  heavy  ions. 

A  straightforward  application  will  be  ^°^Pb®^+,  where  the  main  single¬ 
particle  contribution  is  the  unpaired  neutron  rather  than  the  proton  in  jg|82-f  ^ 
The  different  transition  lifetimes  of  the  upper  hfs  states  of  lead  and  bismuth 
will  also  address  the  problem  of  deexcitation  in  the  ESR.  Furthermore,  mea¬ 
surements  on  lead  can  eliminate  most  of  the  uncertainty  caused  by  the  ion 
velocity.  The  Doppler-shifted  laser  wavelengths  remain  in  accessible  spectral 
regions  for  both  parallel  and  antiparallel  excitation,  allowing  a  determination 
of  the  Doppler  shift. 
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Figure  6:  Candidates  for  laser  spectroscopy  of  the  ground  state  hyperfine  structure  of 
hydrogen-like  ions.  The  transition  wavelenght  A  between  the  two  levelr,  in  the  rest  frame  as 
a  function  of  the  nuclear  charge. 


Outlook 


The  combination  of  uncompromising  production  schemes,  high  intensities 
and  high  beam  quality  achieved  in  heavy  ion  cooler  rings  has  created  a  com¬ 
pletely  new  field  for  laser  experiments.  Besides  the  high  charge  state  and  large 
speed  of  the  ions  discussed  here,  it  has  been  demonstrated  that  high-lying 
hydrogenic  Rydberg  states  can  be  selectively  produced  and  studied  [21].  At 
the  high  energy  facilities,  radioactive  species  can  be  produced  and  stored.  At 
the  low  energy  storage  rings,  novel  experiments  with  molecules  are  started. 
The  application  to  fundamental  tests  is  only  at  it’s  beginning,  and  is  likely  to 
produce  more  stringent  results  in  the  near  future. 
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Abstract.  Atomic  structure  is  discussed  in  the  context  of  expansion 
parameters.  For  simple  atoms,  an  expansion  in  the  fine  structure  con¬ 
stant  allows  the  most  precise  tests  of  Quantum  Electrodynamics.  For 
more  complicated  atoms  such  an  expansion  is  not  generally  available. 
In  the  special  case  of  highly  charged  ions,  however,  an  expansion  in  IjZ 
again  allows  precision  tests  of  QED.  It  is  argued  that  neutral  systems 
require  a  different  kind  of  expansion,  and  appHcations  to  the  properties 
of  cesium  are  discussed.  Throughout,  the  role  of  nuclear  structure  as  a 
limit  of  precision  QED  tests  is  stressed. 

I.  INTRODUCTION 


One  of  the  distinguishing  characteristics  of  atomic  physics  is  precision,  both 
experimentally  and,  in  certain  cases,  because  of  the  well  understood  nature  of 
electromagnetic  interactions,  also  theoretically.  It  is  of  interest  to  question 
the  value  of  such  precision.  To  illustrate,  consider  the  extremely  accurate 
measurement  of  ground  state  hyperfine  splitting  in  hydrogen  [1]: 

Ai/exp  =  1420.405  751  766  7(9)MHz.  (1) 

This  should  be  contrasted  with  the  present  theoretical  result  [2] 

Az/th  =  1420.405  l(8)MHz.  (2) 


The  theoretical  error  here  is  dominated  by  strong  interaction  uncertainties. 
The  principal  source  of  uncertainty  comes  from  the  nonrelativistic  size  correc¬ 
tion. 


Op(Zemach)  =  — — 


d^PrGE{-p^)GM{~-'P' 


J 


1  -f-  Zv 


-!]■ 


(3) 


where  Ge  and  Gm  are  elastic  form  factors  of  the  proton  and  k  its  anomalous 
magnetic  moment.  At  the  present  stage  of  QCD,  these  form  factors  cannot  be 
calculated  from  first  principles,  and  are  available  only  from  experiment.  They 
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are  actually  known  with  sufficient  accuracy  so  that  the  correction  is  known 
to  1.4%,  but  in  order  to  reach  the  level  of  experimental  error,  this  strong 
interaction  effect  would  have  to  calculated  to  16  ppb!  Thus  while  it  may 
be  useful  for  metrological  purposes  to  increase  the  experimental  accuracy,  no 
useful  new  information  about  the  physics  of  hydrogen  hyperfine  splitting  would 
result.  Nevertheless,  the  value  of  the  extensive  theoretical  and  experimental 
efforts  expended  in  reaching  this  level  of  precision  is  the  following.  Firstly, 
at  the  1  ppm  level,  the  anomalous  magnetic  moment  of  the  electron  is  being 
tested  to  about  four  digits.  Further,  higher  order  QED  corrections  of  order 
a^Ep  and  arrielmpEp  are  being  tested  at  the  few  percent  level.  Thus  if  we 
had  only  this  system  to  test  QED,  our  understanding  of  radiative  corrections 
would  have  been  advanced  to  a  fairly  high  level,  although  we  will  see  below 
that  muonium  provides  an  even  more  refined  test  of  these  corrections.  Einally, 
a  strong  interaction  effect  of  about  30  ppm  has  been  measured  to  the  percent 
level.  However,  the  uncertainty  in  the  latter  masks  any  new  physics  entering  at 
under  the  ppm  level:  this  could  be  radiative  corrections  of  higher  order,  weak 
interaction  effects,  or  perhaps  even  completely  new,  unanticipated  physics.  At 
this  point  the  field  of  atomic  physics  merges  into  strong  interaction  physics. 
In  fact,  I  would  like  to  argue  that  this  is  the  ultimate  fate  of  atomic  physics. 
We  are  going  to  get  better  and  better  theoretical  control  over  calculations  of 
atomic  structure,  but  at  some  level  of  precision  the  fact  that  atoms  contain 
strongly  interacting  nuclei  will  require  advances  in  QCD  to  proceed. 

In  the  above  example,  our  ability  to  get  to  the  1  ppm  level  is  largely  de¬ 
pendent  on  the  simplicity  of  the  hydrogen  atom.  In  this  case,  the  atomic 
structure  is  completely  understood,  so  that  one  can  cleanly  study  radiative 
corrections  and  strong  interaction  effects.  This  is  of  course  not  always  the 
case:  in  general  one  deals  with  many-electron  atoms,  and  cannot  solve  the 
Schrodinger  equation  analytically.  However,  the  basic  interactions  of  many- 
electron  atoms  are  still  understood  at  a  very  fundamental  level,  so  that  if  the 
difficulties  of  solving  the  Schrodinger  equation  can  be  overcome,  the  possibility 
of  testing  QED  and  perhaps  detecting  new  physics  in  more  complicated  atoms 
exists.  There  are  two  situations  that  I  wish  to  discuss  here.  The  first  is  the 
recent  progress  in  understanding  of  the  spectroscopy  of  highly  charged  ions. 
Experiments  of  increasing  accuracy  using  beam-foil  techniques  and  EBITs  [3] 
have  made  available  a  body  of  spectroscopic  data  that  has  been  complemented 
by  considerable  theoretical  progress  in  calculating  structure  and  QED  effects, 
which  progress  exploits  the  existence  of  a  1/Z  expansion.  The  second  is  the 
observation  of  parity  nonconserving  (PNC)  transitions  in  heavy  neutral  atoms. 
In  this  case  interpretation  of  the  experimental  results  provides  a  major  chal¬ 
lenge  to  atomic  theory,  because  in  this  case  there  is  no  l/Z  expansion.  It 
will  be  argued  that  a  different  kind  of  expansion,  in  terms  of  the  number  of 
electrons  excited,  can  lead  to  high  accuracy  calculations.  In  both  cases  strong 
interaction  uncertainties  play  a  significant  role. 

The  plan  of  this  talk  is  as  follows.  In  section  II,  an  example  of  QED  in 
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which  strong  interaction  uncertainties  are  very  small  and  both  theory  and 
experiment  are  quite  advanced,  muonium  hyperfine  splitting,  is  discussed.  In 
section  III  the  QED  of  highly  charged  uranium  ions  is  treated.  Finally,  in 
section  IV  we  discuss  neutral  cesium.  The  status  of  the  most  sophisticated 
calculations  is  reviewed  along  with  the  implications  for  particle  physics  arising 
from  the  measurement  of  PNC  in  this  atom. 


II.  MUONIUM  HYPERFINE  SPLITTING 


One  way  of  reducing  strong  interaction  uncertainties  is  to  consider  exotic 
atoms  in  which  the  nucleus  is  either  a  positive  muon  or  a  positron.  Note  how¬ 
ever  that  these  uncertainties  can  never  be  entirely  eliminated  because  they 
always  enter  vacuum  polarization  loops.  However,  such  loops  are  highly  sup¬ 
pressed  in  atoms  because  of  the  small  mass  scale  of  atoms  compared  to  the 
strong  interaction  scale.  Muonium  hyperfine  splitting  provides  one  of  the  most 
refined  tests  of  QED  available.  It  has  been  measured  [4]  to  be 


Az/exp  =  4  463  302.88(16)kHz. 


This  is  to  be  compared  with  the  Fermi  splitting 


Ef  = 


TTT-g  y  TTL'f 


(4) 

(5) 


where  is  the  reduced  mass  and  we  follow  the  convention  of  setting  the 
charge  of  the  muon  to  be  Z\e\.  Using  a~^  —  137.035  989  5(61),  m^jme  = 
206.768  262(62),  and  -  10  973  731.568  30(31)m-^  this  splitting  is 


453  839.60(1.33)(0.40)kHz.  (6) 

The  errors  quoted  here  are  firstly  from  the  uncertainty  in  the  muon  mass 
and  secondly  from  the  uncertainty  in  the  fine  structure  constant.  The  ex¬ 
pansion  parameters  for  this  system  are  the  fine  structure  constant  and  the 
electron-muon  mass  ratio,  and  because  of  their  smallness  only  a  few  orders 
of  perturbation  theory  should  account  for  the  9463  kHz  discrepancy  between 
experiment  and  the  Fermi  splitting.  While  the  bulk  of  this  (10  345  kHz)  arises 
from  the  Schwinger  correction,  which  augments  the  g  factors  of  the  electron 
and  muon  by  a  factor  of  Q/27r,  882  kHz  remain  to  be  accounted  for  by  higher 
order  corrections.  QED  corrections  to  muonium  hfs  are  conventionally  split 
into  two  parts.  The  first,  called  the  non-recoil  part,  accounts  for  radiative 
corrections  that  would  be  present  for  an  infinite  mass  muon.  The  second  part 
is  any  effect  proportional  to  the  electron-muon  mass  ratio,  with  such  effects 
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e 


Figure  1:  Ladder  and  crossed  ladder  contributions  to  muonium  hfs 


called  recoil  corrections.  There  has  been  recent  progress  in  the  evaluation  of 
the  former,  which  is  given  by 


Ai/„„„_recoii  =  (1  +  a#)[l  +  a.  +  +  o:{Za){\n2  - 


+ 


Stt 

a{Za^'^ 


(15.38  (0.29))  +  ^^^  A 

X 


(7) 


That  progress  is  the  complete  evaluation  of  Di,  which  is  a  binding  correc¬ 
tion  to  the  two-loop  g-2  contribution,  by  Kinoshita  and  Nio  [5],  who  found 
Bi  =  0.82(4).  Subtracting  di^non-recoii  from  experiment  leaves  795  kHz  to  be 
accounted  for  by  recoil.  This  is  accounted  for  predominantly  by  the  first  term 
in  the  following  expression  for  the  recoil  corrections: 


Al^recoil  — 


3Za  meirin  .  nria 
■In— ^ 


X  —  m;  me 


a(Za)  m, 


+  -  81n2  +  ^ 

m^m,,  lo 


m, 


(-21n^ 


me  12  me  2  6  9 

a,  4.  4 

3 


+2.15(14)  + 

X  3  me 


(8) 


That  term,  which  arises  from  the  graphs  of  Figure  1,  gives  -800.3  kHz  of 
the  total  -794.9  kHz.  The  excellent  agreement  with  experiment  thus  confirms 
this  lower  order  term  to  very  high  accuracy.  The  reason  we  emphasize  this 
point  is  that  the  graphs  of  Fig.  1  play  an  important  role  in  many  different 
QED  tests.  In  particular  similar  graphs  applied  to  Rydberg  states  of  helium 
are  associated  with  Casimir  forces,  which  have  received  considerable  attention 
[6].  The  extra  terms  associated  with  retardation  are  automatically  included 
in  these  graphs,  but  in  this  short  distance  effect  play  a  much  larger  role. 
Alternatively,  accepting  the  validity  of  the  one-loop  diagram,  the  higher  order 
recoil  terms,  which  amount  to  5  kHz,  are  being  tested  at  the  20  %  level. 
Further  progress  in  muonium  hyperfine  splitting  as  a  test  of  QED  will  require 
a  more  accurate  determination  of  the  muon  mass. 
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III.  HIGHLY  CHARGED  IONS 


There  has  been  considerable  interest  in  the  study  of  the  Lamb  shift  in  high- 
Z  hydrogenic  ions.  Part  of  the  motivation  for  this  interest  is  that  one  is  testing 
QED  in  an  extreme  environment,  in  the  sense  that  the  energy  scale  of  the 
highest-Z  ions  becomes  a  sizable  fraction  of  the  electron-positron  production 
threshold.  A  second  is  that  the  calculation  becomes  highly  nonperturbative  at 
high  Z.  At  small  Z,  the  Lamb  shift  is  usually  expressed  as  a  power  series  in 
Za,  and  calculations  up  to  order  mQf(Za)®  have  been  carried  out.  However,  at 
high  Z  this  expansion  breaks  down  and  totally  numeric  methods  are  required, 
as  will  be  discussed  further  below.  However,  experiments  on  hydrogenic  ions 
are  quite  difficult  to  perform  with  high  precision.  A  recent  development  that 
bears  on  these  questions  is  the  realization,  despite  the  additional  complexity 
of  having  more  than  one  electron  present,  that  experiments  on  many-electron 
highly  charged  ions  can  yield  precision  tests  of  high-Z  QED.  On  the  experi¬ 
mental  front,  we  note  first  that  notable  progress  has  been  made  at  the  Berkeley 
HILAC  in  the  determination  of  the  spectrum  of  heliumlike  [7]  and  lithiumlike 
[8]  uranium.  More  recently  a  set  of  accurate  measurements  of  2s  1/2  —  2^3/2 
transitions  in  lithiumlike  through  neonlike  uranium  was  carried  out  at  the  Liv¬ 
ermore  EBIT  [9].  At  the  same  time  considerable  progress  has  been  made  on 
lower  Z  heliumlike  ions  [10].  We  choose  the  EBIT  measurements  to  illustrate 
the  present  status  of  QED  in  many-electron  ions. 

Before  QED  can  be  studied  in  these  ions,  the  Schrodinger  equation  must 
be  solved  to  high  accuracy.  However,  the  demands  on  accuracy  in  high-Z  ions 
are  not  as  stringent  as  in  neutral  systems.  This  is  because  the  energy  scales 
as  Z^  and  the  Lamb  shift  as  Z^ .  At  uranium  this  effect  makes  the  Lamb 
shift  enter  at  the  percent  level  as  opposed  to  the  ppm  level  characteristic  of 
hydrogen.  The  experimental  accuracy  of  the  EBIT  measurements  is  on  the 
order  of  0.1  eV,  and  unless  atomic  structure  calculations  can  reach  this  level, 
QED  consequences  can  not  be  drawn.  Now,  while  it  is  possible  to  start  directly 
from  a  QED  approach,  it  is  useful  to  start  from  the  Schrodinger  equation.  In 
the  relativistic  case,  the  Hamiltonian  for  an  A-electron  system  is 


N 


TT  \  T  /  _»  ^  Z  Of  V  Of  V  1 

•  Vi  +  ftm - )  +  7= — 

r;  2  ^  n  —  rd 


(9) 


i=l 


The  interpretation  of  this  Hamiltonian  requires  care  because  of  the  role  of 
negative  energy  states.  We  illustrate  this  point  in  the  context  of  many-body 
perturbation  theory  (MBPT).  In  this  approach  to  the  many-body  problem  the 
Hamiltonian  is  split  up  a,s  H  =  Hq  +  Vc^  where 
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and 


N 


i=i 


2  T 


(11) 


Here  U{r)  is  a  central  potential  that  is  frequently  chosen  to  be  the  Hartree- 
Fock  potential.  Because  we  want  to  subsequently  put  MBPT  in  the  framework 
of  QED,  however,  we  will  use  instead  local  potentials  similar  to  Hartree-Fock, 
as  the  nonlocality  of  the  latter  causes  difficulties.  The  exact  choice  of  U{r) 
should  not  matter  if  one  can  go  to  sufficiently  high  order,  and  we  will  illustrate 
this  point  below.  MBPT  consists  of  Rayleigh-Schrodinger  perturbation  theory 
in  Vc.  This  perturbation  theory  has  been  extensively  applied  to  alkali  iso- 
electronic  sequences  [11],  and  more  recently  to  particle-hole  states  [12].  These 
latter  are  appropriate  for  closed  shell  ions  in  which  one  electron,  the  hole,  is 
excited  to  a  valence  state,  the  particle.  In  lowest  order  they  are  described  in 
second  quantization  as 


\JM  >=  Fa^aaa,l\Qc  > 


(12) 


where  Fav  is  a  Clebsch- Gordon  coefficient  coupling  the  states  to  angular  mo¬ 
mentum  JM  and  |  Oc  >  represents  a  closed  shell.  The  energy  of  this  state 
compared  to  the  core  is 

=  £„  -  ea  (13) 

and  the  first  order  correction  is 


Qcvcv  ^  V  9acac  F  FavF})'wgawvb' 

c  c 

(14) 

The  operator  Fi,^  differs  from  Fav  only  in  that  the  sum  over  the  magnetic 
quantum  numbers  is  replaced  by  a  sum  over  We  have  introduced 

matrix  elements  of  the  Coulomb  interaction. 

gijki  =  ) 

(15) 

and  the  commonly  occuring  combination  giju  ^  gijki  —  gijik- 
second-order  energy  is  given  by  the  following  set  of  terms: 

Finally,  the 

(16) 

7-?  n  gawmngmnbv 

Eg  —  rav^bw  I 

mn  T  tn  Cy 

(17) 

j-,(2)  T?  TP  s:  gwcmngmnvc 
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Ef 

Ef 

E'i> 

^A1 

f(2) 

^A2 


In  the  above  sums  over  c,  d  range  over  occupied  core  states,  m,  n  over  excited 
states,  and  i  over  all  states.  The  terms  proportional  to  Sab  reproduce  the 
energy  of  a  valence  electron,  appropriate  for  alkalis,  and  those  proportional 
to  Syw  the  energy  of  a  hole,  appropriate  for  halogens.  Returning  to  the  point 
that  this  Hamiltonian  has  to  be  carefully  treated,  consider  any  of  the  second 
order  energies  in  which  there  is  a  sum  over  two  excited  states.  If  the  sum  is 
allowed  to  range  only  over  positive  energy  states,  the  second  order  energies  are 
well  defined:  this  restriction  is  equivalent  to  using  a  no-pair  Hamiltonian,  as 
emphasized  by  Sucher  [13].  However,  without  this  restriction  the  denominators 
can  vanish  when  one  state  has  positive  energy  and  the  other  negative.  In  order 
to  resolve  this  problem  a  QED  approach  must  be  taken,  as  will  be  discussed 
below.  When  this  is  done  these  terms  vanish,  though  terms  involving  two 
negative  energy  states  do  not,  and  contribute  interesting  QED  effects.  Before 
considering  QED,  we  show  how  MBPT  works. 

At  high  one  is  close  to  the  hydrogenic  approximation  and  it  is  straight¬ 
forward  to  estimate  the  size  of  the  above  energy  contributions.  We  do  this 
by  noting  that  the  bound  state  energies  are  proportional  to  m(Za)^,  and  the 
Coulomb  matrix  elements  to  a/r  =  mZa^.  Then  it  is  simple  to  show  that, 
in  atomic  units  (1  a.u.  ~  ma^),  ~  a.u.,  ^  Z  a.u.,  E^'^^  ^  1  a.u., 

and  E^^^  ~  1/Z  a.u..  This  is  an  example  of  the  well-known  1/Z  expansion 
[14].  An  important  point  to  make  at  this  point  is  that  regardless  of  the  order 
of  MBPT,  the  overall  order  of  an  energy  shift  is  always  an  atomic  unit:  thus 
for  neutral  systems,  where  the  factor  1/Z  need  not  be  small,  it  is  not  at  all 
clear  how  valuable  MBPT  will  be.  However,  for  highly  charged  ions,  a  calcu- 
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lation  through  second  order  will  miss  only  terms  of  order  1/Z  a.u.,  and  can  be 
expected  to  be  quite  accurate. 

We  now  wish  to  concentrate  on  one  of  the  transitions  observed  at  the 
Livermore  EBIT,  the  transition  in  carbonlike  uranium.  Because  the  2^3/2  state 
is  strongly  split  from  2pi/2,  the  ground  state  can  be  treated  as  a  closed  shell 
The  measured  transition  of  4548. 32±0.16  eV  (167.148±0.006 
a.u.)  is  between  this  ground  state  and  a  state  in  which  a  2sif2  electron  is 
excited  to  the  2^3/2  state  with  total  angular  momentum  1.  As  discussed  above, 
the  exact  nature  of  the  starting  potential  is  not  in  principle  important.  In  a 
recent  calculation  [15]  two  potentials  denoted  as  Ua  and  Ub  were  used,  where 


UA{r)  =  2uo(ls,  r)  +  2uo(2s,  r)  +  2uo(2pi/2,  r)  (27) 


and 

Here 


Usir)  -  2?;o(l5,  r)  +  2uo(2s,  r)  +  vo{2pi/2,  r). 


(28) 

(29) 


and  Ga  and  Fa  are  the  upper  and  lower  radial  Dirac  wavefunctions  determined 
self- consistently.  At  asymptotic  distances,  because  Uo(a,r)  l/r,  these  po¬ 
tentials  have  an  effective  charge  of  Z  —  6  for  Ua  and  Z  —  5  for  t/g.  We  present 
in  Table  1  the  behavior  of  MBPT  for  the  two  potentials.  We  have  however 
replaced  with  the  quantity  in  which  the  Coulomb  matrix  element  is 
replaced  with 


9ijkl 


J 


(]^r(PF  -  -  11-  -/I 

^-^V’i(r)7.V>*(r)^i(’-')7"V>/(r')e’"'^-^' 


(30) 


r  —  r 


and  k  =  |ei  —  ejtl  =  \tj  ~ei|.  This  is  equivalent  to  working  in  Feynman  gauge, 
and  because  when  working  with  local  potentials  we  have  gauge  invariance, 
this  corresponds  to  a  Coulomb  gauge  calculation,  in  which  is  included 
along  with  the  Breit  interaction  including  frequency  dependence.  In  addition, 
smaller  effects  to  do  with  one  Breit  interaction  together  with  one  Coulomb 
interaction  and  the  finite  mass  of  the  nucleus  have  been  included.  Note 

that  while  the  lowest  order  energies  differ  by  10.2  eV,  after  all  the  corrections 
have  been  added  in,  the  1/Z  expansion  has  led  to  extremely  close  agreement. 
Thus,  because  of  the  existence  of  a  small  expansion  parameter,  a  relatively 
simple  calculation  allows  the  accurate  solution  of  the  Schrodinger  equation. 
In  this  case,  we  see  a  relatively  very  large  discrepancy  with  experiment  of 
about  one  percent,  attributable  to  radiative  corrections. 

Before  we  turn  to  their  calculation,  we  return  to  the  theme  of  strong  in¬ 
teraction  uncertainties.  The  finite  size  of  the  nucleus  is  built  into  the  term 
-Za/r  term  in  the  MBPT  Hamiltonian,  and  changes  the  pointlike  nucleus 
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Table  1:  Structure  and  QED  contributions  to  the  26i/2  — 2p3/2  energy  difference 
in  carbonlike  uranium:  units  a.u. 


Term 

2-S1/2  -  2p3/2{Ua) 

2si/2  —  2p3/2(77s) 

£;(0) 

164.7607 

164.3856 

3.8121 

4.1958 

£(2) 

-0.0277 

-0.0395 

5(2) 

0.0096 

0.0092 

Reduced  mass 

-0.0019 

-0.0019 

Structure 

168.5528 

168.5492 

self- energy 

-1.9358 

-1.9547 

Uehling  potential 

0.5537 

0.5595 

Higher  order 

-0,0270 

-0.0273 

QED 

-1.4091 

-1.4224 

Total 

167.1437 

167.1268 

energy  of  the  2s  state  by  36  eV.  Fortunately,  very  accurate  muonic  X-ray 
experiments  [16]  have  been  carried  out,  so  that  the  associated  uncertainty  is 
about  0.01  eV.  However,  another  strong  interaction  uncertainty  comes  from 
nuclear  polarization,  which  is  relatively  large  for  the  uranium  nucleus.  This 
has  been  calculated  to  be  [17]  to  be  0.20  eV  with  an  estimated  uncertainty  of 
0.05  eV.  Fortunately  that  uncertainty  is  substantially  smaller  than  the  QED 
corrections  of  interest. 

We  have  seen  in  the  above  discussion  that  the  IfZ  expansion  allows  the 
consideration  of  a  relatively  small  number  of  MBPT  diagrams  to  adequately 
describe  carbonlike  uranium.  This  same  expansion  applies  to  a  QED  treat¬ 
ment,  though  in  this  case  the  diagrams  are  Feynman  diagrams.  This  QED 
treatment  is  known  as  the  S-matrix  approach.  It  is  based  on  a  generalization 
due  to  Sucher  [18]  of  the  Cell- Mann- Low  formula. 


lira  lim  ^In  < 
2  c_o  A-fi  d\ 


> 


(31) 


where 


Se  X  =  T{e~^^  f 


(32) 


Now,  it  is  useful  in  making  a  connection  with  the  previous  MBPT  calculation  to 
work  with  the  same  potential.  This  can  be  done  by  using  the  QED  Hamiltonian 
B  =  Bo  +  Bj: 


Bo  =  J  /3m- -^  +  U{\x\)]'il;{x)  (33) 


and 
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Figure  2:  First  and  second  order  Feynman  diagrams  contributing  to  energy  shifts 


Hj  =  -  J  (fxip\x)U{\x\)'ip{x)  ~e  j  Sxil;\x)a  •  A{x)xl){x) 

+?  /  (34) 

At  this  point  one  can  start  discussing  Feynman  diagrams.  When  one  pho¬ 
ton  is  involved,  it  can  either  be  exchanged  between  two  different  electrons 
(Fig.  2a),  which  can  easily  be  shown  to  lead  exactly  to  or  else  be  in 
a  radiative  correction.  Now,  until  recently  a  standard  approach  to  evaluat¬ 
ing  the  large  QED  corrections  in  highly  charged  ions  was  to  do  some  kind 
of  interpolation  of  the  hydrogenic  QED  corrections  calculated  by  Mohr  [19]. 
However,  in  the  S-matrix  approach  one  is  dealing  with  the  electron  self-energy 
and  vacuum- polarization  in  realistic  potentials,  which  incorporate  automati¬ 
cally  the  screening  of  the  nuclear  potential  by  the  other  electrons.  While  the 
vacuum-polarization  diagram.  Fig.  2b,  is  relatively  easy  to  evaluate,  the  nu¬ 
merical  evaluation  of  the  self-energy  in  non-Coulomb  potentials.  Fig.  2c,  was 
until  recently  quite  difficult.  Over  the  last  few  years,  however,  these  difficul¬ 
ties  have  been  overcome  [20],  and  it  is  now  straightforward  to  evaluate  both 
diagrams.  We  show  the  result  for  the  potentials  Ua  ^nd  Ub  in  Table  1.  While 
it  is  seen  that  they  correctly  account  for  the  bulk  of  the  QED  effect,  note  that 
they  differ  by  0.36  eV.  This  is  not  surprising,  since  we  have  not  carried  out 
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corrections  to  QED  at  the  same  level  as  done  in  MBPT.  These  corrections  are 
described  by  the  remaining  diagrams  of  Fig,  2,  which  we  now  discuss. 

We  expect  the  bulk  of  the  difference  to  come  from  Figs.  2d  and  2f.  These 
can  be  interpreted  as  modifying  the  wave  function.  They  have  been  treated 
by  Blundell  [21]  in  his  very  complete  treatment  of  alkalis.  A  particularly  in¬ 
teresting  effect  comes  from  the  ladder  and  crossed  ladder  diagrams  of  Fig.  1 
introduced  in  the  discussion  of  muonium  hfs.  This  is  because  the  second  or¬ 
der  energy  of  MBPT,  which  had  to  be  treated  in  an  ad  hoc  manner  above,  is 
contained  within  these  diagrams.  When  the  exchanged  photons  are  Coulomb, 
these  diagrams  can  be  evaluated  with  contour  methods.  The  undefined  terms 
discussed  above  in  which  one  electron  is  positive  energy  and  the  other  negative 
can  be  shown  to  vanish,  but  when  both  are  negative  energy  states  there  results 
a  term  of  order  1/Z  of  the  order  of  the  hydrogenic  Lamb  shift,  i.e.  a.u,. 

The  full  calculation  has  recently  been  completed  for  ground  state  helium  [22]. 
In  that  calculation  the  MBPT  results  are  subtracted  from  the  full  calculation 
so  that  QED  can  be  added  on  in  a  clean  manner  to  MBPT.  However,  extension 
of  these  calculations  to  more  complicated  systems  has  not  yet  been  made.  The 
vertex  correction  Fig.  2e  was  not  treated  by  Blundell,  but  has  been  evaluated 
for  lithiumlike  uranium  by  Indelicato  and  Mohr  [23].  The  final  diagram  of 
interest  is  Fig.  2g.  This  is  of  order  (Za^  a.u.,  and  again  has  not  yet  been 
evaluated  at  high  Z.  While  considerable  effort  will  be  required  to  complete  the 
evaluation  of  these  diagrams,  the  task  is  a  well-defined  one  involving  a  finite 
number  of  Feynman  diagrams.  Thus,  even  when  many  electrons  are  present, 
this  field  is  on  the  same  footing  as  more  traditional  QED  tests.  It  will  par¬ 
ticularly  valuable  for  measurements  of  even  higher  accuracy  to  be  carried  out: 
such  experiments  will  lead  to  an  extension  of  QED  tests  to  a  very  interesting 
region,  in  which  one  simultaneously  is  forcing  the  advancement  of  the  theory 
of  many-electron  structure  and  higher  order  QED  in  intense  Coulomb  fields. 


IV.  NEUTRAL  CESIUM 

We  turn  finally  to  neutral  cesium,  which  is  of  particular  interest  because  of 
the  possibility  of  indirectly  detecting  new  particle  physics  effects  through  the 
measurement  of  PNC  transitions.  The  demands  of  accuracy  are  less  stringent 
here  because  of  the  relatively  large  size  of  radiative  corrections  in  electroweak 
theories.  In  particular,  there  are  radiative  corrections  associated  with  possible 
new  physics  that  enter  at  the  percent  level.  These  have  been  parameterized 
by  the  quantities  S  and  T  [24],  which  parameterize  the  effect  of  new  physics 
on  the  self-energy  diagrams  of  W  and  Z  bosons.  They  modify  the  fundamental 
quantity  of  atomic  PNC,  the  weak  charge  Qw  [25],  as  follows: 


Qw  =  -73.20(13)  -  O.SS  -  0.005T. 


(35) 
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The  weak  charge  enters  the  parity-violating  Hamiltonian 

Hw  =  -^QwPnuc{'^)'lf5  (3^) 

that  dominates  cesium  PNC.  The  measurement  of  PNC  then  allows  a  deter¬ 
mination  of  Qw  if  the  atomic  structure  calculations  can  be  carried  out  with 
sufficient  accuracy.  As  an  example  of  the  accuracy  needed,  we  note  that  values 
of  S  of  around  2  arise  in  certain  models  of  the  dynamical  origin  of  electroweak 
symmetry  breaking,  which  would  enter  Qw  the  2  percent  level.  The  chal¬ 
lenge  to  atomic  theory  is  then  a  prediction  of  the  PNC  amplitude  resulting 
from  Hw  at  under  this  level.  Calculations  at  Notre  Dame  [26]  and  Novosibirsk 

[27]  claim  1  %  accuracy,  and  are  in  agreement  at  this  level.  Other  calculations 

[28]  with  larger  error  estimates  are  all  consistent  with  these  results.  Combining 
the  prediction  [26] 

Epi^c  =  -0.905(9)  X  lO-^H\e\ao{-Qw/N)  (37) 

with  the  experimental  determination  of  £^pnc  [29]  leads  to  a  determination  of 
the  weak  charge 

Qw  =  -71.04(1.58)[0.88],  (38) 

where  the  first  error  is  experimental  and  the  second  from  atomic  theory.  While 
this  is  consistent  with  the  theoretical  prediction  (though  a  large  positive  S  is 
disfavored),  it  is  clearly  important  to  decrease  both  errors.  Before  we  turn  to 
a  description  of  the  calculational  method  used  and  the  prospects  for  better 
theoretical  accuracy,  we  note  that  again  nuclear  physics  provides  a  barrier. 
The  quantity  pnuc{r)  in  the  definition  of  Hw  depends  dominantly  on  the  dis¬ 
tribution  of  neutrons  in  the  cesium  nucleus.  While  this  distribution  is  not 
directly  available  from  experiment,  the  charge  distribution  is.  This  allows  a 
test  of  nuclear  shell  model  calculations,  which  can  predict  both.  Fortunately 
EpNC  is  relatively  insensitive  to  this  distribution,  shifting  only  by  0.1  %  if  the 
theoretical  neutron  distribution  is  replaced  with  the  proton  distribution.  A 
potentially  more  serious  nuclear  physics  issue  arises  in  the  proposal  to  mea¬ 
sure  PNC  in  different  isotopes  of  cesium,  which  would  allow  elimination  of 
wave  function  uncertainties  by  taking  ratios.  The  problem  is  that  variations 
in  neutron  distributions  in  different  isotopes  must  be  understood.  This  issue 
has  recently  been  addressed  [30],  with  the  conclusion  that  such  experiments 
can  still  be  interpreted,  because  the  nuclear  physics  uncertainties  enter  at  only 
the  0.1  percent  level. 

We  have  described  MBPT  in  the  high-Z  section,  and  presented  explicit 
formulas  for  energies  through  second  order.  As  mentioned  there,  there  is  no 
guarantee  for  neutral  systems  that  this  will  give  high  accuracies,  and  indeed 
the  result  for  the  6s  ionization  energy,  experimentally  known  to  be  0.14310  a.u., 
is  0.14519  a.u.  at  this  order  when  starting  from  the  Hartree-Fock  potential.  At 
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this  point  a  very  dangerous  situation  is  encountered.  The  1.46  %  discrepancy  is 
of  the  size  of  various  third  order  energies  (all  84  of  which  have  been  evaluated) 
and  certain  fourth  order  diagrams.  It  is  then  possible  to  simply  evaluate 
fourth  order  diagrams  until  good  agreement  is  found.  If  all  of  these  several 
hundred  terms  were  known  the  validity  of  this  could  be  gauged,  but  no  such 
calculation  has  been  carried  out.  Even  if  that  were  to  work,  one  can  always 
imagine  diagrams  of  fifth  or  higher  order  playing  a  significant  role.  Thus  one 
is  on  much  less  firm  ground  than  in  the  previous  discussion.  However,  a  large 
fraction  of  higher  order  diagrams  can  be  picked  up  with  all-orders  methods, 
to  which  we  now  turn. 

In  many-body  perturbation  theory,  the  first-order  correction  to  the  ground 
state  wave  function,  ^  ctJl  Oc  >,  is 


tav  z  e. 


Qmnba 


^ab 


al,alai,aa)'^o  (39) 


where  the  shorthand  Ctj  =  a  -f  Cj  has  been  used.  When  \2c  >  is  calculated, 
similar  structures  arise,  such  as 


|2c>a=  E 


QnmrsQrsav 


alalaaay^Q. 


(40) 


Such  terms  are  referred  to  as  doubles^  because  two  electrons  (one  core  electron 
a  and  the  valence  electron  v)  have  been  destroyed  and  replaced  with  excited 
states.  They  enter  in  each  order  of  perturbation  theory,  and  it  would  of  course 
be  impractical  to  explicitly  evaluate  them  order  by  order.  However,  it  is  possi¬ 
ble  to  do  this  in  another  way,  in  which  the  coefficient  of  a\^a\aaay^Q  is  treated 
as  an  unknown  coefficient  pabmv  Explicitly,  we  assume  the  following  form  for 
the  wavefunction: 


^  ^  ^  >  Pma^\n^a  4"  ^ 

1 


Pmuab^ln^n^b^a  4" 


Pmnva^m^n^o.^v 


abmn 


4“  ^  V  Pmnrabc^rn^n^r^c^b^a  4"  ^  ^  Pmnrvab^^(^^^}-^b^a(^v  j  ^0? 

abcmnr  abmnr 


where  Ny  is  a  normalization  factor.  The  terms  on  the  first  line  describe  single 
excitations,  on  the  second  double  excitations,  and  those  on  the  third  triple 
excitations.  Substituting  this  form  for  the  wave  function  into  the  Schrodinger 
equation  one  obtains  a  set  of  coupled  equations  for  the  expansion  coefficients. 
With  the  neglect  of  the  pmnrabc  term  a  rather  complex  set  of  equations  results: 

(^m  SEy')pma  —  ^  ^  PnbQbman  4"  QbcanPnmcb  4"  Qbmnr Prnba  (42) 

bn  ben  bnr 
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where 


SEy  =  QvamnPmnva  4"  9abvmpmvab  4"  '^^Pvavmpma  4“ 


abm 
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(47) 


We  begin  the  discussion  of  these  equations  by  neglecting  the  triple  exci¬ 
tation  terms,  referred  to  as  triples  in  the  following.  If  one  approximates  the 
equation  for  pmnav  by  dropping  SEy  and  keeping  only  the  first  term  on  the 
right-hand  side,  one  sees  that  this  reproduces  the  analogous  term  in  \lc  >• 
Further,  by  taking  this  form  and  adding  it  in  perturbatively  into  the  second 
term,  one  can  see  the  origin  of  \2c  >a-  However,  by  iterating  the  entire  set 
of  equations,  an  approximation  to  the  wave  function  results  that  encompasses 
large  parts  of  arbitrarily  high  order  contributions  to  the  wave  function.  In 
practice,  between  5  and  10  iterations  lead  to  convergence  to  six  digits.  How¬ 
ever,  this  does  not  mean  that  agreement  with  experiment  at  this  level  need  be 
expected.  This  is  because  of  the  neglected  triples.  It  is  possible  to  trace  the 
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effect  of  this  approximation  on  the  third  order  energy.  While  the  second  order 
energy  is  entirely  accounted  for,  36  of  the  84  third  order  diagrams  are  left  out. 
While  these  can  be  added  in  perturbatively,  they  also  can  be  seen  to  arise 
from  the  inclusion  of  the  triples  in  the  equation  for  the  single  coefficient  pmv 
It  is  this  procedure  that  is  followed  in  the  calculations  of  PNC  and  oscillator 
strengths.  However,  the  effect  of  the  triples  on  the  equation  on  the  doubles 
coefficient  pmnav  is  not  included,  so  that  terms  of  fourth  order  and  higher  are 
missed,  which  will  be  discussed  below. 

Of  course,  even  with  the  exact  inclusion  of  triples  one  is  still  not  done 
with  cesium.  This  is  because  of  the  neglect  of  more  complicated  changes  to 
the  wave  function  involving  quadruple  and  higher  excitations.  However,  when 
only  a  few  electrons  are  present,  all-orders  approaches  can  become  ‘exact’ 
(although  of  course  radiative  corrections  are  not  accounted  for).  For  example, 
the  equations  described  above  will  account  for  every  order  of  MBPT  when 
applied  to  lithiumlike  ions.  This  is  because  quadruple  and  higher  excitations 
vanish  for  the  simple  reason  that  four  and  more  destruction  operators  applied 
to  a  three  electron  system  give  zero.  Similarly,  the  triples  do  not  contribute 
for  heliumlike  ions.  In  this  latter  case  all-orders  [31]  and  closely  related  Cl 
calculations  [32]  have  been  applied  to  the  helium  isoelectronic  sequence,  and 
interesting  QED  consequences  found. 

We  have  throughout  this  talk  emphasized  the  role  played  by  expansion 
parameters.  In  the  case  of  neutral  cesium,  we  propose  that  the  expansion 
parameter  be  the  number  of  electrons  excited.  By  including  two,  then  three, 
then  four  excitations,  a  more  and  more  complete  wave  function  should  be 
formed.  For  this  to  work,  it  is  essential  that  terms  involving  5  excitations 
contribute  at  a  very  small  level.  If  this  is  not  the  case,  some  more  powerful 
theoretical  method  must  be  introduced.  A  practical  way  of  testing  this  idea  is 
simply  comparing  with  experiment.  One  has  in  cesium  a  number  of  accurately 
determined  experimental  properties,  the  most  accurate  of  which  are  hyperfine 
constants  and  energies.  While  the  former  are  of  course  extremely  well  known, 
the  theme  of  nuclear  uncertainty  actually  limits  this  as  a  test  of  many-body 
theory.  This  is  because  the  analog  of  the  Zemach  correction  discussed  in  the 
Introduction,  the  shift  arising  from  the  finite  size  of  the  cesium  nucleus,  is 
quite  large,  being  about  0.6  %  for  the  6s  state.  At  some  point,  expected 
to  be  about  0.1  %,  the  same  uncertainties  that  cloud  the  interpretation  of 
hydrogen  hfs  should  enter.  Fortunately  this  level  is  more  than  adequate  for 
interpretation  of  PNC  experiments  in  cesium.  Another  test,  less  sensitive  to 
nuclear  uncertainties,  that  has  received  considerable  attention  recently  [33]  is 
oscillator  strengths  in  cesium.  A  calculation  carried  out  at  Notre  Dame  [34], 
using  the  above  equations  with  the  neglect  of  the  effect  of  triples  on  doubles, 
found  for  the  lifetime  of  the  6pi/2  state 

r(6pi/2)  =  35.22ns  (48) 

as  compared  to  the  experimental  result  [33]  34,934  ±  0.094  ns.  As  a  way 
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of  crudely  estimating  the  neglected  effects,  the  quantity  pmv  was  scaled  by 
a  factor  \  determined  from  comparison  of  the  calculated  6s  energy  to  the 
experimental  value.  When  this  is  done,  we  find  T(6pi/2)scaled  =  34.76  ns. 
Because  of  the  phenomenological  nature  of  this  procedure,  we  use  the  latter 
lifetime  only  as  a  means  of  estimating  the  error  associated  with  the  terms 
neglected  in  our  calculation.  We  note  that  a  similar  calculation  has  been  done 
by  the  Novosibirsk  group  [35],  that  includes  a  slightly  different  set  of  diagrams. 
In  the  parts  of  the  calculation  that  can  be  compared,  good  agreement  is  found. 

The  next  step  in  the  cesium  calculation  is  a  more  complete  inclusion  of 
triples,  specifically  their  effect  on  the  doubles  coefficient  pmnva-  This  is  a 
much  more  computationally  demanding  task,  firstly  because  of  the  storage 
requirements  for  the  large  basis  sets  required  for  high-accuracy  calculations, 
and  secondly  because  of  the  large  number  of  computations  required.  Both 
problems  are  becoming  more  tractable  as  more  powerful  computers  become 
available.  An  important  test  of  the  technique  will  be  provided  by  lithium.  As 
mentioned  above,  the  equations  presented  above  become  exact  in  this  case. 
Their  evaluation  may  shed  light  on  the  present  discrepancy  between  theory 
and  experiment  for  lifetimes  in  this  atom,  as  discussed  further  by  Tanner  in 
this  conference  [33]. 

While  the  original  motivation  for  applying  all-orders  techniques  to  cesium 
was  to  calculate  PNC,  the  approach  is  of  course  of  general  utility  for  calcu¬ 
lations  of  atomic  structure.  While  the  accuracy  of  calculations  completely 
including  triples  remains  to  be  determined,  they  may  turn  out  to  be  extremely 
precise.  In  that  case,  the  interesting  possibility  arises  that  the  kind  of  QED 
tests  for  high-Z  ions  discussed  in  the  previous  section  will  become  possible 
for  a  wide  range  of  low-Z  and  neutral  systems.  While  strong  interaction  un¬ 
certainties  will  eventually  limit  any  atomic  physics  calculation,  the  physics  of 
atoms  and  ions  is  sufficiently  rich  that  a  great  deal  more  remains  to  be  learned 
about  QED  and  the  many-body  problem  before  that  stage  is  reached. 
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Abstract.  The  simple  hydrogen  atom  permits  unique  confrontations  between  spectroscopic 
experiment  and  fundamental  theory.  The  experimental  resolution  and  measurement  accuracy 
continue  to  improve  exponentially.  Recent  advances  include  a  new  measurement  of  the 
Lamb  shift  of  the  IS  ground  state  which  provides  now  the  most  stringent  test  of  QED  for 
an  atom  and  reveals  unexpectedly  large  two-loop  binding  corrections.  The  H-D  isotope  shift 
of  the  extremely  narrow  1S-2S  two-photon  resonance  is  yielding  a  new  value  for  the 
structure  radius  of  the  deuteron,  in  agreement  with  nuclear  theory.  The  Rydberg  constant  as 
determined  within  3  parts  in  10^^  by  two  independent  groups  has  become  the  most 
accurately  known  of  any  fundamental  constant.  Advances  in  the  art  of  absolute  optical 
frequency  measurements  will  permit  still  more  precise  experiments  in  the  near  future. 


INTRODUCTION 

Hydrogen  is  the  simplest  of  the  stable  atoms  and  the  most  common  element  in  the 
visible  universe.  Spectroscopy  of  hydrogen  has  played  a  pivotal  role  in  the 
development  of  atomic  physics  and  quantum  mechanics. The  simple  Balmer 
spectrum  has  inspired  many  pathbreaking  discoveries,  from  Bohr  and  Sommerfeld  to 
De  Broglie,  Schrodinger,  Dirac,  Lamb  and  on  to  the  development  of  modern  quantum 
electrodynamics  (QED).  More  than  once  small  discrepancies  between  observation  and 
theoretical  prediction  have  led  to  major  conceptual  breakthroughs.  Today,  QED  peimits 
us  to  predict  the  energy  levels  and  resonance  frequencies  of  the  hydrogen  atom  with 
unmatched  precision.  QED  is  generally  considered  the  most  successful  theory  of 
physics,  despite  some  remaining  small  dicrepancies  between  experiment  and  theory, 
e.g.  for  the  magnetic  moment  of  the  electron  or  the  annihilation  life  time  of  hydrogen¬ 
like  positronium. 

Why  is  spectroscopy  of  hydrogen  still  interesting  today?  Hydrogen  is  so  far  the 
only  atom  for  which  we  have  learned  to  carry  out  QED  calculations  to  a  level  that  can 
do  justice  to  the  precision  achievable  with  modern  laser  spectroscopy.  Hydrogen 
provides  a  unique  testing  ground  where  one  might  discover  conceivable  limits  or  flaws 
of  our  fundamental  theory.  Even  if  we  do  not  find  any  further  surprises,  however, 
precision  spectroscopy  of  hydrogen  can  yield  accurate  values  of  important  physical 
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quantities  such  as  the  Rydberg  constant,  the  charge  radius  of  the  proton,  or  the  electron 
to  proton  mass  ratio. 

To  us  experimentalists,  spectroscopy  of  hydrogen  has  long  provided  a  challenging 
frontier,  motivating  us  to  advance  the  technical  limits  of  optical  spectroscopy.  For  more 
than  two  decades,  this  quest  has  been  quite  successful.  Optical  spectroscopy  of 
hydrogen  has  been  revolutionized  in  the  early  70s  by  the  advent  of  tunable  dye  lasers.^) 
Since  then,  we  have  improved  the  resolution  and  measurement  accuracy  by  almost  5 
orders  of  magnitude.  The  rate  of  progress  is  still  growing  exponentially,  fueled  in  part 
by  dramatic  advances  in  laser  science,  nonlinear  optics,  and  opto-electronics.  These 
fields  are  receiving  much  worldwide  support  since  they  provide  key  technologies  for 
lucrative  ventures  such  as  telecommunications.  On  the  other  hand,  the  pursuit  of 
hydrogen  spectroscopy  has  led  to  new  spectroscopic  instruments  and  techniques  which 
have  found  wide  applications  much  beyond  their  original  purpose.  Examples  include 
novel  methods  of  Doppler-free  spectroscopy,  such  as  two-photon  spectroscopy,^) 
polarization  spectroscopy,^)  or  even  the  original  proposal  for  laser  cooling  of  gases.  ) 

The  experimental  advances  are  calling  for  more  precise  QED  computations  of 
hydrogen  energy  levels.  Unfortunately,  the  physics  of  the  hydrogen  atom  is  no  longer 
simple  at  the  achieved  level  of  scmtiny.  It  becoms  apparent  that  the  electron  is  furiously 
interacting  with  a  sea  of  virtual  photons  and  virtual  electron-positron  pairs  so  that  we 
are  no  longer  dealing  with  a  simple  two-particle-system.  The  required  calculations  are 
notoriously  difficult  and  time  consuming.  As  outlined  by  P.  LEPAGE  elsewhere  in 
these  Proceedings,  new  approaches  are  being  developed  which  promise  to  make  the 
bound  state  problem  much  more  manageable.  And  even  to  the  theorist,  technology  is 
coming  to  the  rescue.  Symbolic  manipulation  programs  are  now  available  even  on 
small  personal  computers,  which  facilitate  the  tedious  bookkeeping  during  analytical 
calculations  that  may  involve  thousands  of  terms.  In  addition,  we  are  gaining  access  to 
ever  more  powerful  computers  for  the  numerical  evaluation  of  previously  forbidding 
multidimensional  integrals. 

My  own  interest  in  laser  spectroscopy  of  hydrogen  dates  back  to  the  early  70s, 
when  I  was  a  young  postdoc  working  in  the  laboratory  of  Art  Schawlow  at  Stanford 
University.  At  that  time,  we  applied  the  then  new  method  of  Doppler-free  saturation 
spectroscopy  to  the  prominent  red  Balmer-a  line,  observed  in  a  Wood-type  gas 
discharge.^)  It  was  an  unforgettable  thrill  to  resolve,  for  the  first  time,  the  long  elusive 
single  fine  structure  components  and  to  observe  the  n=2  Lamb  shitt  directly  in  the 
optical  spectrum.  With  my  student  M.  Nayfeh  we  proceeded  to  measure  the  absolute 
wavelength  and  to  achieve  an  order-of-magnitude  improvement  in  the  accuracy  of  the 
Rydberg  constant,  the  universal  scaling  factor  for  any  spectroscopic  transition  and  an 
important  cornerstone  in  the  system  of  fundamental  constants.^) 

Soon  afterwards,  we  observed  transitions  from  the  IS  ground  state  to  the 
metastable  2S  state  by  Doppler-free  two-photon  spectroscopy,^^  a  method  first 
proposed  by  the  late  Veniamin  Chebotaev  and  his  coworkers.^)  This  technique  which 
gives  access  to  dipole-forbidden  transitions  between  long-living  states  has  been  the 
basis  for  almost  all  recent  optical  precision  experiments  with  atomic  hydrogen.  It 
eliminates  Doppler  broadening  without  the  need  to  select  slow  atoms  by  exciting  an 
atom  with  two  counterpropagating  laser  beams  whose  first  order  Doppler  shifts  cancel. 
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TWO-PHOTON  TRANSITION  1S-2S 

Much  of  our  work  at  Garching  is  centered  around  the  extremely  sharp  two-photon 
transition  from  the  IS  ground  state  of  hxdrogen  to  the  metastable  2S  level.  Fig.  1 
shows  the  lowest  two  energy  levels  of  hydrogen,  with  the  Dirac  fine  structure,  Lamb 
shifts,  and  hyperfine  splittings  magnified.  The  1S-2S  two-photon  transition  is  the  most 
intriguing  resonance  in  the  hydrogen  atom,  since  the  1/7  s  life  time  of  the  upper  level 
implies  a  natural  line  width  of  only  1 .3  Hz.  The  Q-factor  of  this  line  is  thus  larger  than 
10^5,  and  one  can  hope  to  find  the  line  center  ultimately  to  a  part  in  lO^^. 

n=2  — 2^ -  P3/2 


10  GHz 


FIGURE  1.  Energy  levels  of  atomic  hydrogen  with  1S-2S  two-photon  transition. 

For  a  long  time,  the  main  obstacle  to  such  spectroscopy  has  been  the  lack  of  an 
intense  monochromatic  laser  source  at  the  required  ultraviolet  wavelength  near  243  nm, 
and  early  experiments  had  to  resort  to  the  frequency-doubled  output  of  rather  crude 
pulsed  dye  lasers.^'l^)  The  first  cw  experiments  at  Stanford,  starting  around  1984, 
relied  on  sum  frequency  mixing  of  a  dye  laser  and  an  ultraviolet  argon  ion  laser.  ^2) 

When  I  returned  to  my  native  Germany  in  1986,  we  started  a  new  generation  of 
precision  experiments  at  the  Max-Planck-Institut  fur  Quantenoptik  in  Garching,  and 
recent  progress  of  this  work  will  be  at  the  main  focus  of  this  report.  Around  that  time, 
nonlinear  crystals  of  BBO  (beta-barium-borate)  had  just  become  commercially 
available.  This  material  permits  efficient  angle-tuned  frequency  doubling  of  a  486  nm 
cw  dye  laser,  when  used  inside  an  external  build-up  resonator.  We  are  now  routinely 
producing  ultraviolet  powers  up  to  20  mW  in  this  way  with  300  to  500  mW  of 
fundamental  power.  A  detailed  description  of  this  source  and  our  1S-2S  two-photon 
spectrometer  is  given  elsewhere.  13)  Very  recently,  C.  ZiMMERMANN  in  our  laboratory 
has  demonstrated  similar  power  levels  starting  with  a  high  power  semiconductor  diode 
laser  at  972  nm  followed  by  two  stages  of  frequency  doubling.  Such  a  light  source 
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could  be  made  portable  and  small  enough  to  fit  into  an  attachd  case  rather  than 
occupying  a  5  m  long  optical  table. 

The  adequate  stabilization  of  the  laser  frequency  presents  a  rather  challenging 
problem.  We  have  equipped  our  commercial  cw  dye  laser  with  an  internal  electro-optic 
phase  modulator,  which  compensates  for  any  fluctuations  in  optical  path  length.  The 
laser  frequency  is  locked  to  a  passive  reference  cavity,  using  the  POUND-DREVER- 
HALL  FM  sideband  method.  We  employ  a  45  cm  long  massive  Zerodur  spacer  with 
gyroscope  quality  mirrors  optically  contacted  to  the  end  faces.  The  entire  cavity  is 
suspended  from  soft  springs  inside  a  temperature-stabilized  vacuum  tank  at  IQ-^  mbar. 
With  a  finesse  near  60  000  the  resonance  width  is  about  5  kHz.  With  a  servo 
bandwidth  of  1  MHz,  we  easily  achieve  tracking  of  the  laser  frequency  to  this  cavity  at 
the  sub-Hz  level,  but  residual  vibrations  in  our  rather  noisy  laboratory  cause  a 
remaining  frequency  jitter  of  the  order  of  1  kHz. 

With  improving  laser  stability  it  becomes  increasingly  important  to  avoid  collision 
broadening  and  to  ensure  a  sufficiently  long  interaction  time  of  the  atoms  with  the  light. 
This  is  not  trivial,  because  the  mean  thermal  velocity  of  hydrogen  atoms  at  room 
temperature  is  3000  m/s.  So  far,  the  Garching  experiments  rely  on  collinear  excitation 
of  a  cold  atomic  beam,  as  illustrated  in  Fig.  2  The  atomic  beam  apparatus  is  evacuated 
with  a  large  cryo-pump,  which  is  turned  off  during  data  taking  to  avoid  vibrations.  A 
standing  wave  build-up-cavity  inside  the  vacuum  chamber  supports  up  to  100  mW  of 
circulating  UV  light.  The  atoms  are  produced  by  dissociation  of  H2  in  a  microwave 
discharge  and  slowed  by  collisions  with  the  walls  of  a  cold  nozzle  mounted  at  the 
bottom  of  a  helium  cryostat.  After  a  15  cm  long  interaction  zone  we  detect  excited  2S 
atoms  by  applying  an  electric  quench  field  and  counting  Lyman-oc  photons  with  a  solar 
blind  photomultiplier  or  a  sensitized  channeltron  detector.  A  graphite-coated  wire  net 
shields  the  beam  from  stray  electric  fields. 


FIGURE  2.  Hydrogen  atomic  beam  apparatus  for  two-photon  spectroscopy  of  1S-2S. 

To  find  the  1S-2S  two-photon  resonance,  we  take  advantage  of  the  rich  absorption 
spectrum  of  the  diatomic  ^^0x02  molecule  near  the  blue  fundamental  wavelength  of  the 
dye  laser.  Even  the  first  hydrogen  resonances  were  much  narrower  than  the  best 
available  calibration  lines  in  that  molecule  as  recorded  by  Doppler-free  saturation 
spectroscopy.  Fig.  3  shows  spectra  of  the  F=1  hyperfine  component  of  the  hydrogen 
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1S-2S  transition  recorded  at  different  nozzle  temperatures.  At  room  temperature,  we 
observe  a  line  width  of  80  kHz  (at  243  nm)  and  a  pronounced  asymmetry,  a  red-shifted 
tail  due  to  the  relativistic  Doppler  effect  of  second  order,  which  is  not  cancelled  in  the 
excitation  with  counterpropagating  beams.  Near  liquid  helium  temperature,  the  line 
becomes  much  more  symmetric,  and  the  width  is  only  12  kHz.  This  resolution  of  one 
part  in  1  011  corresponds  to  the  thickness  of  a  human  hair  compared  to  the  diameter  of 
the  earth. 


FIGURE  3.  Doppler-free  two-photon  spectra  of  the  hydrogen  1S-2S  transition 
observed  in  an  atomic  beam.  The  F=:1  hyperfine  component  has  been  recorded 
at  different  nozzle  temperatures.  The  resolution  at  8.6  K  reaches  lO'^T 

Recently,  D.  LEIB FRIED  in  our  laboratory  has  recorded  still  narrower  lines  with 
two  rather  simple  tricks.  A  small  aperture  in  front  of  the  2S  detector  eliminates  those 
atoms  which  cross  the  laser  field  at  large  angles.  More  importantly,  a  chopper  turns  off 
the  UV  light  field  periodically,  and  time- delayed  detection  selects  the  signal  from  only 
the  slowest  atoms.  Even  near  80  K,  the  resonance  width  could  thus  be  reduced  to  3 
kHz,  corresponding  to  a  resolution  of  3  parts  in  10 12.  Unfortunately,  cooling  of  the 
nozzle  to  helium  temperature  or  longer  delay  times  did  not  improve  this  resolution  any 
further.  We  have  now  reached  the  limits  imposed  by  laser  frequency  fluctuations,  but 
we  hope  to  observe  line  widths  down  to  a  few  hundred  Hz  with  better  acoustic  and 
seismic  isolation  of  the  reference  cavity. 

To  approach  the  ultimate  resolution,  one  may  have  to  resort  to  tricks  such  as  laser 
cooling  or  magnetic  atom  trapping,  as  discussed  by  J.T.M.  WALRAVEN  elsewhere  in 
this  volume.  We  are  currently  exploring  the  possibility  of  generating  quasi-continuous 
Lyman-a  radiation  for  laser  cooling  of  hydrogen  with  the  pulse  train  of  a  mode-locked 
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TirSapphire  laser.  Some  years  ago,  R.G.  BEAUSOLEIL  at  Stanford  showed  with  model 
calculations  that  two-photon  Ramsey  spectroscopy  of  a  fountain  of  cold  hydrogen 
atoms  could  reach  a  resolution  near  1  Hz  with  trajectory  heights  of  a  few  inches.^^) 

GROUND  STATE  LAMB  SHIFT 

Precision  measurements  of  the  hydrogen  2S  Lamb  shift  by  rf  spectroscopy  have, 
long  provided  one  of  the  best  tests  of  QED.i^.lb)  But  further  improvements  have 
become  difficult,  because  the  short  life  time  of  the  2P  state  implies  a  100  MHz  natural 
line  width  of  the  2S-2P  resonance. 

We  report  here  on  recent  advances  in  the  measurement  of  the  IS  ground  state 
Lamb  shift  which  do  not  suffer  from  this  limitation.  The  IS  Lamb  shift  is  eight  times 
larger  than  the  2S  shift,  but  it  is  not  accessible  to  rf  spectroscopy,  since  there  is  no  IP 
state.  The  first  experiments  at  Stanford  relied  on  a  comparison  of  the  1S-2S  transition 
with  the  blue  Balmer-P  line.^^dD  At  Garching,  we  have  now  determined  this  shift  by  a 
direct  comparison  of  the  two-photon  transitions  1S-2S  and  2S-4S.^^d8)  in  the  simple 
Bohr  model  the  two  transition  frequencies  have  the  precise  ratio  4:1.  Any  deviation  is 
due  to  the  Lamb  shifts  of  the  participating  levels,  together  with  well-understood 
relativistic  effects. 

We  observe  the  2S-4S  resonance  by  collinear  two-photon  excitation  of  a  second 
atomic  beam.  Following  F.  BiRABEN  et  al.^^),  excite  hydrogen  atoms  to  the 
metastable  2S  state  with  an  electron  gun.  A  standing  wave  of  about  50  W  circulating 
power  near  972  nm  is  generated  by  coupling  the  output  of  a  Tiisapphire  laser  into  a 
linear  build-up  resonator.  When  the  atoms  travelling  along  this  light  field  are  excited  to 
the  4S  state,  the  observed  flux  of  metastable  atoms  drops  slightly,  since  the  4S  atoms 


beat  frequency  [MHz]  beat  frequency  [MHz] 


FIGURE  4.  Two-photon  spectra  of  the  hydrogen  2S-4S  (F=1)  resonance, 
observed  via  fluorescence  (left)  and  via  decrease  of  the  metastable  flux  (right). 
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tend  to  decay  to  the  ground  state  via  radiative  cascades.  In  more  recent  experiments,  we 
have  observed  instead  the  blue  4S-2P  fluorescence  radiation  from  a  15cm  long  section 
of  the  atomic  beam.l^)  An  elliptical  mirror  together  with  a  system  of  lucite  light-guides 
collects  this  radiation  onto  the  cathode  of  a  photon  counting  photomultiplier.  Despite 
residual  background  light  from  the  electron  gun  this  method  gives  considerably  better 
signal  contrast  and  somewhat  narrower  lines.  Fig.  4  shows  typical  line  profiles  of  the 
hydrogen  2S-4S  (F=l)  resonance  as  detected  via  Balmer-p  fluorescence  or  via  the 
decrease  of  the  metastable  flux. 

Frequency  doubling  of  some  of  the  972  nm  radiation  in  a  crystal  of  KNbOs 
produces  about  500  nW  of  blue  light  near  the  frequency  of  the  dye  laser  of  the  1S-2S 
spectrometer.  The  two  frequencies  can  be  compared  precisely  via  a  radiofrequency  beat 
signal  detected  with  a  fast  photodiode.  We  keep  the  dye  laser  frequency  servo-locked 
to  the  maximum  of  the  1S-2S  resonance,  while  the  IR  laser  is  slowly  and  repeatedly 
scanning  across  the  2S-4S  resonance.  As  is  evident  from  Fig.  4,  the  beat  frequency  at 
the  2S-4S  resonance  is  not  zero  but  amounts  to  about  4836  MHz  for  hydrogen.  This 
beat  frequency  is  a  direct  measure  for  the  "hyper-Lamb-shift"  1/4  Lis  -  5/4  L2S  +  Las, 
from  which  we  can  derive  the  IS  Lamb  shift  Lis. 
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Figure  5.  Measurements  of  the  hydrogen  IS  ground  state  Lamb  shift 
and  two  theoretical  predictions,  based  on  different  proton  charge  radii 
•’P- 
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Unfortunately,  the  strong  IR  field  saturates  the  2S-4S  resonance  for  those  atoms 
which  travel  very  nearly  along  the  axis.  The  net  ac  Stark  shift  becomes  thus  a  nonlinear 
function  of  intensity.  We  are  grateful  to  F.  BIRABEN  and  L.  JULIEN  for  their  assistance 
with  the  early  computer  analysis  of  the  required  systematic  conection. 

Fig  5  shows  the  hydrogen  IS  ground  state  Lamb  shift,  as  derived  from  the 
Garching  experiments  in  199217)  and  1994,18)  in  a  comparison  with  earlier 
measurements.20»21)  Our  most  recent  value  is  8172.86(6)  MHz.  The  accuracy  of  6 
parts  in  10^  exceeds  now  that  of  the  best  rf  measurements  of  the  2S  Lamb  shift.  » 

For  deuterium,  we  have  similarly  measured  a  IS  Lamb  shift  of  8184.00(8)  MHz, 
which  exceeds  the  accuracy  of  earlier  experiments  by  an  order  of  magnitude.l^) 

Also  shown  in  Fig.  5  are  two  different  theoretical  predictions  of  the  hydrogen  IS 
Lamb  shift,  based  on  two  different  values  for  the  rms  charge  radius  rp  of  the  proton. 
Since  the  nuclear  size  effect  scales  with  n-3  it  is  traditionally  included  in  the  definition 
of  the  Lamb  shift.  The  proton  radius  has  been  determined  from  electron  scattering 
experiments  at  high  energies.  With  the  more  recent  and  larger  Mainz  value  )  of 
0.862(12)  fm,  the  agreement  has  been  rather  poor  at  the  time  of  publication  of  our 
experimental  data.  An  earlier  and  contradicting  value^^)  of  0.805(11)  fm  appeared  to 
give  better  agreement.  However,  this  old  measurement  has  been  performed  with  such 
large  values  of  momentum  transfer  that  the  proton  is  deformed  by  mesonic  and  quark 
resonances,  and  this  value  is  now  generally  considered  as  unreliable. 

In  the  past  few  months,  we  have  seen  some  remarkable  advances  in  the  QED 
calculation  of  hydrogenic  energy  levels.  K.  PACHUCKI  in  Garching  has  used  a  novel 
semi-analytical  method  to  compute  the  long-elusive  two-loop  binding  corrections,  f 
Trying  to  explain  their  origin  to  a  non-specialist,  we  may  recall  that  the  dominant 
contribution  to  the  Lamb  shift  is  the  "self-energy”  of  the  electron:  the  law  of  energy 
conservation  is  not  violated,  according  to  the  uncertainty  principle,  if  an  electron  emits 
a  virtual  photon  as  long  as  it  reabsorbs  it  within  a  sufficiently  short  time.  Or  the 
electron  may  first  absorb  such  a  virtual  photon  and  later  re-emit  it.  It  is  well  known 
that  this  interaction  with  the  vacuum  fluctuations  of  the  electromagnetic  field  and  the 
electron's  own  radiation  field  leads  to  a  diverging  energy  shift  if  we  integrate  over  all 
frequencies  to  infinity,  assuming  that  the  electron  is  a  point-like  particle.  However,  an 
accurately  predictable  finite  correction  is  obtained,  if  we  are  only  interested  in  the 
difference  of  this  radiative  shift  between  a  bound  electron  and  a  free  electron,  so  that 
the  contributions  at  very  high  frequencies  cancel.  In  particular,  for  an  s  electron  which 
comes  close  to  the  nucleus,  the  vacuum  fluctuations  tend  to  smear  out  the  Coulomb 
potential,  so  that  the  binding  strength  is  lessened.  For  the  IS  state,  this  self  energy 
amounts  to  8396.461..  MHz.  Symbolically,  the  self-energy  for  an  electron  bound  in  a 
Coulomb  potential  is  represented  by  the  top  Feynman  graph  in  Fig.6. 

A  smaller  counter-acting  QED  effect  arises  from  vacuum  polarization.  Both  the 
electron  and  the  proton  are  partially  shielded  by  a  cloud  of  polarizable  virtual  electron- 
positron  pairs.  In  an  s-state,  the  electron  penetrates  this  shield  and  experiences  thus  a 
somewhat  stronger  Coulomb  attraction.  Vacuum  polarization  shifts  the  IS  state  by 
-215.169...  MHz.  This  effect  is  symbolized  by  the  second  diagram  in  Fig.6. 

Higher  order  corrections  are  described  by  graphs  which  involve  combinations  of 
these  two  effects.  Most  of  the  two-loop  corrections  depicted  in  Fig.6.  have  been 
calculated  during  the  past  year  by  two  independent  groups25.26)  and  turn  out  to  be 
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rather  small.  The  one  term  missing  has  been  the  computationally  most  difficult  graph 
shown  in  the  third  row  of  Fig.6.,  which  accounts  for  the  interaction  of  the  electron 
with  two  virtual  photons  and  leads  to  a  QED  shift  of  the  order  a^(Za)^. 
K.  PACHUCKI  has  now  completed  a  first  calculation  of  this  term  by  solving  a 
multidimensional  integral  with  troublesome  singularities  with  a  Monte-Carlo  method, 
employing  an  N-Cube  parallel  computer  with  64  processors  which  the  Max-Planck- 
Institute  for  Plasma  Physics  in  Garching  made  kindly  available  to  us  for  an  entire 
month.  The  interaction  with  two  virtual  photons  gives  rise  to  a  surprisingly  large 
energy  shift  of -328  kHz  for  the  IS  state.  With  the  total  two-loop  correction  of -291(7) 
kHz,  the  theoretically  predicted  IS  Lamb  shift  becomes  8172.83(6)  MHz,  which  is 
now  in  excellent  agreement  with  the  measured  value  of  8172.86(6)  MHz,  provided  we 
rely  on  the  larger  Mainz  value  of  the  proton  radius. 
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FIGURE  6.  One-loop  and  two-loop  contributions  to  the  hydrogen  IS  Lamb  shift.22-24) 

Troublesome  dicsrepancies  between  theory  and  experiment  have  also  long 
persisted  for  the  classical  2S  Lamb  shift  of  hydrogen,  as  recently  remeasured  by 
E.  HAGLEY  and  F,  PIPKIN  at  Harvard. With  the  new  two-loop  correction  of 
-36.5(9)  kHz  for  the  2S  state,  the  agreement  becomes  very  good.  Unfortunately, 
however,  as  noted  by  M.  BOSHIER,27)  the  application  of  the  same  two-loop  correction 
to  the  2S  Lamb  shift  of  He+,  measured  by  a  quench  asymmetry  method, destroys 
the  originally  found  good  agreement  between  theory  and  experiment.  Although 
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K,  PACHUCKI  has  meanwhile  repeated  his  computations  by  a  somewhat  different 
method,  an  independent  calculation  of  the  two-loop  binding  corrections  is  certainly 
desirable.  The  experimental  value  of  the  He+  Lamb  shift  is  so  far  based  on  one  single 
accurate  measurement,  and  an  independent  experiment  would  clearly  be  welcome.  For 
hydrogen,  we  have  now  several  different  and  consistent  measurements  of  both  the  2S 
and  IS  Lamb  shifts.  At  this  conference,  M.  BOSHIER  and  coworkers  from  Yale  are 
reporting  on  a  new  independent  measurement  of  the  hydrogen  IS  Lamb  shift  which  is 
in  excellent  agreement  with  the  most  recent  Garching  results. 

Of  course  one  has  to  ask  if  there  might  not  be  other  significant  theoretical 
corrections.  Recently,  K.  PACHUCKI  and  H.  GROTCH^^)  have  made  much  progress  in 
the  computation  of  nuclear  recoil  effects.  It  is  well  known  that  hydrogen  is  a 
relativistic  two-body  system  which  cannot  be  fully  described  by  solving  the  Dirac 
equation  for  an  electron  of  reduced  mass  in  a  fixed  Coulomb  potential.  Relativistic 
recoil  corrections  up  to  order  have  been  summarized  by  ERICKSON.^O)  Recoil 
corrections  of  (x^  have  been  analyzed  by  DONCHESKI  et  al.^^^  who  predicted  a  shift  of 
+3  kHz  for  the  2S  state.  Recently,  KHRIPLOVICH  ET  AL.32,33)  have  pointed  out  that 
the  evaluated  expression  is  incomplete.  Since  then,  GROTCH  and  PACHUCKI  have 
determined  a  corrected  expression  which  gives  a  shift  of  -1  kHz  for  the  hydrogen  2S 
level  and  -7.4  kHz  for  the  IS  state.29) 

The  most  serious  obstacle  to  future  more  stringent  tests  of  QED  is  the  current 
inaccurate  knowledge  of  the  charge  radius  of  the  proton.  Electron  scattering 
experiments  with  large  accelerators  have  proven  notoriously  difficult,  and  nuclear 
physicists  have  been  reluctant  to  carry  out  new  experiments,  even  though  the  possible 
systematic  errors  are  now  much  better  understood.  A  rather  promising  approach  for  a 
future  independent  determination  of  the  proton  radius  is  a  measurement  of  the  2S  Lamb 
shift  in  muonic  hydrogen,  as  proposed  by  D.  TAQQU  and  coworkers  at  the  Paul 
Scherrer  Institute  (PSI)  in  Switzerland.^^)  a  source  of  intense  slow  muons  now  under 
construction  at  the  PSI  will  facilitate  the  production  of  the  muonic  atoms.  The  Lamb 
shift  is  here  much  larger  than  for  hydrogen,  so  that  the  2S  -  2P  transition  becomes 
accessible  to  infrared  laser  radiation  near  6  ^lm.  Since  the  muon  is  200  times  heavier 
than  the  electron  it  comes  much  closer  to  the  proton,  and  the  Lamb  shift  is  dominated 
by  vacuum  fluctuations,  with  a  nuclear  size  effect  as  large  as  1.75  percent,  or  60  times 
the  natural  line  width.  A  measurement  of  the  proton  charge  radius  to  within  1  part  in 
10^  appears  therefore  quite  feasible. 

HYDROGEN-DEUTERIUM  1S-2S  ISOTOPE  SHIFT 

The  demonstrated  high  resolution  of  the  1S-2S  two-photon  resonance  in  hydrogen  and 
deuterium  has  opened  the  possibility  for  very  accurate  measurements  of  the  H-D 
isotope  shift,  which  amounts  to  678  GHz  or  168  GHz  at  the  dye  laser  frequency  near 
486  nm.  In  a  first  experiment,^^)  we  have  employed  an  ultrafast  electrooptic 
modulator36)  to  measure  this  shift  with  radio-frequency  accuracy. 

An  auxiliary  second  dye  laser  is  locked  to  a  mode  of  a  stable  refence  resonator 
halfway  in  between  the  hydrogen  and  the  deuterium  resonances,  and  the  modulator 
operating  at  84  GHz  produces  two  sidebands  which  serve  as  marker  frequencies  of 
accurately  known  spacing  close  to  the  two  isotopic  resonance  lines.  The  dye  laser  of 
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the  1S-2S  spectrometer  is  then  alternatingly  tuned  to  the  hydrogen  or  deuterium  line, 
and  a  rf  beat  signal  between  this  dye  laser  and  the  nearby  marker  line  is  registered  with 
a  photodiode.  In  this  way,  we  have  determined  an  experimental  isotope  shift  of 
670.994  337(22)  GHz.  The  accuracy  of  3.7  parts  in  10^  exceeds  that  of  earlier 
experiments^^^  by  a  factor  of  25  and  is  limited  only  by  nonlinear  drifts  of  the  reference 
cavity.  Improvements  by  one  or  two  orders  of  magnitude  should  be  feasible  with  the 
present  apparatus. 

The  H-D  isotope  shift  is  mainly  a  mass  effect.  The  mass  ratio  of  proton  to 
deuteron  is  very  well  known,  so  that  this  mass  shift  can  be  predicted  with  high 
precision.  As  shown  in  Fig.7,  the  experimental  value  falls  below  this  prediction  by  a 
small  but  significant  amount.  This  discrepancy  can  be  accounted  for  by  the  difference 
of  the  rms  charge  radii  of  the  two  nuclei,  with  small  corrections  due  to  relativistic 
nuclear  recoil  effects.  From  the  Garching  measurement,  we  can  determine  an  accurate 
experimental  value  of  the  structure  radius  of  the  deuteron.29)  As  shown  in  Fig  8,  this 
value  is  significantly  larger  than  the  structure  radius  derived  from  electron  scattering 
experiments.38)  But  intriguingly,  it  agrees  well  with  a  recent  theoretical  prediction  by 
J.L.  Friar  et  al.,  based  on  Nijmegen  potentials  as  derived  from  nucleon-nucleon 
scattering  experiments. 39)  As  theorists  learn  to  predict  the  charge  radii  of  few-nucleon 
systems,  such  as  deuterium,  tritium,  or  the  two  helium  isotopes  with  ab-initio 
calculations,  precise  spectroscopic  isotope  shift  measurements  become  increasingly 
important,  because  they  can  provide  more  accurate  comparisons  of  these  radii  than 
electron  scattering  experiments  with  large  accelerators. 
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FIGURE  7.  Measurements  of  the  H-D  isotope  shift  of  the  1S-2S  transition.36-37) 

A  more  detailed  theory  of  the  H-D  isotope  shift3 5,40,41)  has  to  include  a  small 
correction  due  to  the  polarizability  of  the  deuteron.  With  a  rather  simple  model  of  the 
nuclear  structure,  we  have  estimated  a  correction  of  19  kHz.  More  recently, 
J.  MARTORELL  et  al.42)  have  investigated  more  sophisticated  nuclear  models  which 
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confirm  our  estimate  and  predict  a  deuteron  polarizibility  correction  of  the  1S-2S 
interval  of  19.33(21)  kHz. 
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FIGURE  8  Deuteron  rms  structure  radius,  as  derived  from  electron  scattering 
experiments, 37)  from  the  1S-2S  H-D  isotope  shift, 29.36)  and  as  predicted  by 
lheory39) 


RYDBERG  CONSTANT 

The  most  challenging  experiment  at  Garching  to  date  has  been  a  precise 
measurement  of  the  absolute  optical  frequency  of  the  1S-2S  two-photon  resonance.  > 
Traditionally,  spectroscopic  experiments  measure  optical  wavelengths  rather  than 
frequencies.  Even  the  most  advanced  methods  of  wavelength  interferometry  suffer 
from  unavoidable  systematic  phase  shift  errors  due  to  diffraction,  disperion  or  mirror 
imperfections.  Ideally,  we  would  like  to  count  the  number  of  optical  cycles  of  a  light 
wave  during  one  second,  as  presently  defined  by  the  Cs  atomic  clock,  a  microwave 
oscillator  near  9  GHz.  However,  the  state  of  the  art  of  optical  frequency  metrology  is 
still  rather  primitive,  comparable  to  the  early  stages  of  mechanical  clock  making,  w  en 
people  just  learned  to  build  and  assemble  gears  so  that  the  rapid  motion  of  a  pendulum 
could  be  translated  into  the  slow  motion  of  the  clock  hands. 

Accurate  frequency  measurements  are  possible  with  harmonic  frequency  chains,  as 
they  are  being  maintained  in  a  few  national  standards  laboratories.  Such  chains  rely  on 
the  fortuitous  coincidence  of  a  frequency  to  be  measured  with  a  high  harmonic  of  a 
known  reference  and  are  typically  engineered  to  measure  just  one  particular  frequency. 

years  ago,  the  highest  frequency  measured  witch  a  phase-coherent  frequency 
chain  has  been  that  of  a  3.39  pm  He-Ne  laser,  locked  to  a  CH4  absorption  line.  Since 
then,  experiments  in  Garching  and  in  Paris  have  extended  harmonic  frequency  chains 

to  visible  frequencies.'^^, 44)  .1,1. 

Fig.  9  gives  an  overview  over  the  Garching  Rydberg  experiment.  The  right  hand 
side  shows  the  layout  of  our  frequency  chain.  This  chain  starts  with  a  portable 
3.39  pm  He-Ne  laser  oscillator,  developed  by  V.P.  Chebotaev  and  coworkers  at  the 
Institute  for  Laser  Science  in  Novosibirsk.  It  has  been  calibrated  in  June  of  1993  at  Ae 
PTB  in  Braunschweig  to  within  3  parts  in  10^^  in  a  direct  comparison  with  the  Cs 
atomic  clock,  thanks  to  the  accommodating  help  of  G.  KRAMER  and  coworkers.  Its 
oscillation  frequency  was  found  to  be  f  =  88  376  181  599  991(30)  Hz. 
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We  take  advantage  of  a  fortuitous  coincidence  of  the  1S-2S  interval  with  the  28th 
harmonic  of  the  CH4-  standard,  i.e.  our  486  nm  dye  laser  operates  near  the  7th 
harmonic  of  the  He-Ne  laser.  A  blue  auxiliary  frequency,  the  eighth  harmonic  near 
424  nm,  is  produced  in  three  successive  steps  of  second  harmonic  generation  with  two 
transfer  laser  oscillators  to  boost  the  power:  a  NaCL:OH'  color  center  laser  near 


FIGURE  9.  Overview  over  the  Garching  Rydberg  experiment. 

1.69  )im,  and  a  grating-tuned  diode  laser  near  848  nm.  Electronic  servo  systems 
control  the  frequencies  and  phases  of  these  slave  lasers  so  that  they  follow  their  weak 
optical  control  signals  without  cycle  slips. 

To  measure  the  frequency  of  the  1S-2S  transition,  we  send  some  blue  light  from 
the  dye  laser  through  a  30  m  long  optical  fiber  to  the  frequency  chain.  Here,  a  LiNbOs 
crystal  produces  some  200  nW  at  the  sum  frequency  of  the  dye  laser  and  the  He-Ne 
laser,  so  that  a  beat  note  with  the  directly  produced  8^  harmonic  of  the  He-Ne  standard 
can  be  counted.  Unfortunately,  the  hydrogen  resonance  does  not  precisely  coincide 
with  the  7*  harmonic.  In  the  first  experiments,  we  have  bridged  a  frequency  mismatch 
of  2  THz  near  486  nm  with  the  help  of  the  precisely  calibrated  comb  of  axial  modes  of 
our  stable  reference  cavity.  This  compromise  limits  the  accuracy  of  the  experiments  to 
1.8  parts  in  10^^ 

In  this  way,  we  have  found  a  1S-2S  frequency  of  2  466  061  413.182(45)  MHz. 
This  result  is  18  times  more  accurate  than  the  best^^)  of  the  previous  measurements.  A 
comparison  of  the  1S-2S  frequency  with  theory  yields  a  new  value  of  the  Rydberg 
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constant,  Roo  =  109  737.315  684  4(31)  cm-1.  Further  improvements  will  require  an 
improved  knowledge  of  the  nuclear  size  effect.  To  arrive  at  the  quoted  uncertainty  of  3 
parts  in  IQH,  we  have  taken  advantage  of  the  most  recent  experimental  values  for  the 
Lamb  shifts  of  the  IS  and  2S  states.  1°^ 

Even  the  original  Garching  result43)  obtained  in  May  of  1992  with  an  uncertainty 
near  4  parts  in  lOH  represented  almost  an  order-of-magnitude  improvement  over  the 
best  previous  measurements  of  the  Rydberg  constant  by  F.  BiRABEN  et  al.in  Paris, 
based  on  two-photon  spectroscopy  of  2S-nS/D  transitions  in  a  metastable  hydrogen 
beam  .^6)  Soon  afterwards,  A.  Clairon  and  coworkers  in  Paris  succeeded  in 
recalibrating  the  l2-stabilized  He-Ne-laser  with  the  help  of  an  independent  newly 
developed  frequency  chain,44)  so  that  another  more  accurate  Rydberg  value  could  be 
derived  from  the  2S-nS/D  measurements  at  Paris.  After  an  initial  brief  period  of 
disagreement,  the  Paris  results  fully  confirmed  the  Garching  measurements.47)  In  a 
more  recent  experiment,  F.  BIRABEN  et  al.  have  completed  a  phase-coherent  frequency 
measurement  of  the  2S-8S/D  transitions  near  778  nm.48)  They  take  advantage  of  a 
coincidence  of  the  frequency  of  a  633  nm  l2"Stabilized  He-Ne  laser  with  the  sum 
frequency  of  the  778  nm  hydrogen  transition  and  a  CH4- stabilized  He-Ne  laser  at 
3.39  pm,  and  they  were  able  to  bridge  a  remaining  frequency  mismatch  of  80  GHz 
with  the’ help  of  a  fast  Schottky  diode.  These  recent  Rydberg  measurements  are 
compared  in  Fig.  10.  It  is  very  satisfying  that  different  and  independent  measurements 
agree  now  to  within  a  few  parts  in  lOH  so  that  the  Rydberg  constant  has  become,  by  a 
wide  margin,  the  most  accurately  known  of  the  fundamental  constants.  The  new  results 
fall  well  outside  the  error  limits  of  the  official  value  recommended  in  the  1986  least 
squares  adjustment  of  the  fundamental  constants  (Codata).^-^). 

In  Garching,  we  are  now  perfecting  a  novel  frequency  divider  chain  that  promises 
to  become  a  universal  instrument  for  the  measurement  and  synthesis  of  arbitrary  optic^ 
frequencies.  The  basic  building  block  is  an  optical  interval  divider:50.51)  a  laser  is 
electronically  phase-locked  to  operate  at  the  exact  midpoint  between  two  given  optical 
frequencies.  The  servo  signal  is  obtained  from  the  beat  note  between  the  second 
harmonic  frequency  of  this  laser  and  the  sum  of  the  two  input  frequencies.  A  true 
optical  to  microwave  frequency  divider  can  be  realized  by  cascading  a  number  of  such 
divider  stages,  and  using  a  laser  frequency  and  its  second  harmonic  as  the  starting 
frequencies.  After  n  stages,  we  reach  a  frequency  interval  equal  to  the  original 
frequency  divided  by  2".  In  contrast  to  a  traditional  harmonic  frequency  chain,  all 
stages  can  be  technically  similar,  since  the  frequencies  quickly  converge  to  a  chosen 
region.  The  divider  path  can  be  selected  so  that  interesting  frequencies  are  synthesized 
along  the  way,  as  in  a  proposed  "artificial  hydrogen  atom.'*^^)  In  Garching,  we  have 
chosen  to  work  at  wavelengths  in  the  convenient  region  around  850  nm,  where  good 
diode  lasers  are  available,  and  KNbOa  provides  an  almost  ideal  nonlinear  crystal 
material.  If  the  two  input  frequency  are  closer  than  a  few  THz,  one  single  temperature- 
tuned  crystal  is  sufficient  for  simultaneous  90°  phase-matched  second  harmonic  and 
sum  frequency  generation. 

W.  KONIG,  M.  Prevedelli,  and  T.  ONAE  at  Garching  have  now  completed  a 
divider  chain  of  4  stages  which  remain  reliably  phase-locked  over  hours.  In  the 
measurement  of  the  hydrogen  1S-2S  transition  we  will  use  this  chain  to  divide  the 
frequency  mismatch  of  1  THz  near  850  nm  down  to  66  GHz.  If  we  can  measure  this 
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remaining  interval  with  a  Schottky  diode  we  will  obtain  the  1S-2S  frequency  to  within 
better  than  one  part  in  10^^,  and  we  can  expect  an  order- of-magnitude  improvement  in 
the  accuracy  of  the  H-D  isotope  shift. 
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FIGURE  10.  Comparison  of  recent  measurements  of  the  Rydberg  constant. 


OUTLOOK 

Many  future  improvements  in  precision  spectroscopy  of  atomic  hydrogen  can  be 
envisioned.  We  are  currently  working  towards  improved  Lamb  shift  measurements  by 
observing  2S-nS  two-photon  resonances  in  an  optically  excited  cold  metastable 
hydrogen  beam.  We  have  already  recorded  signals  with  a  doubly  resonant  cavity  which 
enhances  both  the  243  nm  radiation  for  excitation  of  1S-2S  and  972  nm  radiation  for 
spectroscopy  of  2S-4S. 

As  pointed  out  in  the  past,  we  hope  to  determine  very  accurate  values  of  the 
Rydberg  constant  and  the  electron/proton  mass  ratio  from  linear  combinations  of 
measured  hydrogen  frequencies  which  are  chosen  so  that  nuclear  size  effects  scaling 
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with  n-^  cancel.  Other  possible  goals  include  hydrogen  atom  interferometers  to  measure 
the  photon  recoil  energy  and  thus  m/h  or  the  fine  structure  constant  a. 

Considerable  further  reductions  of  the  1S-2S  linewidth  are  expected  from 
improvements  of  the  laser  frequency  stability.  With  advanced  semiconductor-based 
laser  sources  it  may  become  feasible  to  build  a  reliable  and  compact  hydrogen  optical 
clock.  The  frequency  of  such  a  clock  would  be  dominated  by  electromagnetic 
interactions,  while  the  hyperfine  frequency  of  the  Cs  atomic  clocks  depends  on  the 
nuclear  magnetic  monment  and  is  thus  sensitive  to  strong  interactions.  A  long-term 
comparison  of  such  different  clocks  might  reveal  conceivable  slow  changes  of 
fundamental  constants. 

Although  it  will  clearly  be  interesting  to  carry  out  similar  experiments  with  other 
hydrogen-like  atoms,  notably  He+,  perhaps  the  most  intriguing  goal  might  be  high 
resolution  spectroscopy  of  anti-hydrogen,52)  (p-e+),  the  antimatter  twin  of  the 
hydrogen  atom  which  annihilates  in  contact  with  ordinary  matter,  but  could  be  kept 
and  observed  over  extended  periods  inside  a  magnetic  trap.  We  are  currentiy  exploring 
electromagnetic  traps  which  can  store  not  only  the  paramagnetic  atoms  but  also  the 
charged  building  blocks,  i.e.  antiprotons  and  positrons.  Laser-induced  recombination 
may  provide  a  method  for  producing  antihydrogen  inside  such  a  trap.  A  suitable  source 
of  slow  antiprotons  is  still  available  at  the  LEAR  storage  ring  at  CERN,  even  though 
there  appears  to  be  an  acute  danger  that  this  unique  resource  will  soon  be  closed  for 
budgetary  reasons. 

It  would  be  fascinating  if  only  the  slightest  diffence  between  matter  and  antimatter 
could  be  detected  spectroscopically.  This  would  be  proof  of  the  violation  of  some 
fundamental  symmetry  laws  of  physics.  Such  experiments  could  yield  unprecedented 
tests  of  CFT  symmetry  or  of  the  Einstein  equivalence  principle.  It  has  been  speculated 
that  the  gravitational  attraction  between  antimatter  and  matter  may  differ  from  that  of 
ordinary  matter.  This  might  lead  to  a  detectable  differential  gravitational  red  shift  of  the 
sharp  1S-2S  resonance,  some  kind  of  "isotope  shift",  which  could  be  interpreted  as 
revealing  a  difference  of  the  inertial  masses  of  the  antiproton  and  proton. 

High  resolution  spectroscopy  of  atomic  hydrogen  will  continue  to  hold 
fascinating  challenges  for  many  years  to  come.  Perhaps  the  biggest  surprise  in  this 
endeavor  would  be  if  we  found  no  surprise. 
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Abstract.  Recent  progress  in  high  resolution  laser  spectroscopy  of  Helium  is  re¬ 
viewed.  The  direct  determination  of  the  frequency  of  the  2^8 1  transition  in 

the  near  ultraviolet  at  389  nm  is  illustrated.  The  novel  scheme  uses  the  heterodyne 
with  a  laser  diode  locked  to  5S— >5D  two-photon  transition  in  Rubidium  which  serves 
as  optical  frequency  reference  in  the  near  infrared  at  778  nm.  A  precise  value  for  the 
2^Si  level  Lamb  shift  is  extracted,  more  than  two  orders  of  magnitude  more  accurate 
than  theoretical  calculations.  Measurements  include  ^He-^He  isotope  shift  and  ^He 
hyperfme  structure.  Results  for  the  2^51  S^Pj  transition  are  analyzed  in  conjunc¬ 
tion  with  those  for  the  2^81  ->  transition  for  a  precise  test  of  QED  corrections. 
Perspectives  for  a  helium  atom  determination  of  the  fine  structure  a  are  also  dis¬ 
cussed. 


INTRODUCTION 

A  long  tradition  of  high  precision  measurements  in  Helium  has  provided  funda¬ 
mental  tests  of  atomic  systems  more  complicated  than  Hydrogen.  Progressive  im¬ 
provements  in  techniques  for  Helium  to  the  level  of  100  KHz  bring  the  precision 
close  to  the  best  measurements  in  Hydrogen.  At  the  same  time,  theoretical  uncer¬ 
tainties  are  well  below  the  experimental  accuracy  for  all  but  the  quantum  electrody¬ 
namics  (QED)  part  of  the  problem.  As  a  consequence,  comparisons  between  theory 
and  experiment  for  Helium  provide  stringent  tests  of  the  QED  corrections  and  pre¬ 
cise  measurements  provide  an  important  stimulus  for  future  improvements  in  the 
theory.  It  is  worth  noting  that  in  Helium  specifically  two-electron  QED  effects  can 
be  studied,  which  are  not  present  at  all  in  Hydrogen.  Accurate  spectroscopic  mea¬ 
surements  in  Helium  have  also  been  considered  as  a  possibility  for  the  evaluation 
of  the  Rydberg  constant.  Even  if  not  as  precise  as  the  one  inferred  from  the  mea¬ 
surements  in  Hydrogen,  such  a  value  would  allow  a  comparison  between  physical 
constants  involved  in  different  atomic  systems.  Helium  experimental  accuracy  has 
indeed  followed  the  improvements  in  the  knowledge  of  the  Rydberg  constant,  re¬ 
maining  worse  by  only  one  order  of  magnitude  or  less.  The  evolution  of  the  Ry  and 
Helium  accuracies  can  be  appreciated  in  Fig.  1. 
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FIGURE  1.  Qualitative  comparison  between  the  improving  accuracy  of  the  Rydberg 
constant  and  of  ^He  spectrum  measurements,  during  the  last  15  years.  *:  this  point 
(present  work)  reflects  the  6x10""’"'  accuracy  obtained  by  direct  measurement  of  the 
optical  frequency. 


Full  list  of  references  can  be  found  in  ref.  1 .  At  present,  the  Rydberg  constant  is 
known  (2)  with  an  accuracy  of  2.2  parts  in  lO^l,  while  a  preliminary  analysis  of 
the  pure  optical  frequency  measurements  reported  in  this  work  for  Helium  in  a 
metastable  atomic  beam  shows  an  accuracy  of  about  6  parts  in  10^  a  factor  of  four 
better  than  our  original  measurement  in  a  discharge  cell  (3). 

A  simplified  energy  level  scheme,  both  for  singlets  and  triplets,  is  shown  in  Fig. 
2  together  with  references  to  some  of  the  transitions  involved  in  laser  spectroscopy 
studies.  As  for  the  singlet  states,  one  and  two-photon  investigations  (4,5,6)  have 
recently  allowed  the  absolute  ionisation  energy  of  the  2^S  state  to  be  inferred. 
Also,  the  experimental  value  is  in  satisfactory  agreement  with  the  theoretical  predic¬ 
tion  (13),modified  with  the  improved  Bethe  logarithm  evaluated  in  ref.  14.  The 
2^S  Lamb  shift  calculation  is  now  confirmed  at  the  level  of  0.05%.  Very  recently, 
new  perspectives  for  the  investigation  of  the  singlet  system  have  been  opened  by 

the  direct  excitation  (7)  of  the  DS  ->  2^?  at  58.4  nm,  using  harmonics  of  pulsed 
radiation  in  the  visible. 

Subdoppler  laser  investigations  of  triplet  system  were  opened  by  the  excitation 
(8,9)  of  the  two-photon  transitions  from  the  2^5 1  metastable  level  to  n^S  or  n^D 
levels.  However,  also  single  photon  transitions  to  n3p  levels  are  suited  to  observe 
narrow 
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Singlet  Triplet 


FIGURE  2.  Simplified  level  scheme  of  singlet  and  triplet  systems  in  Helium.  Some  of 
the  single  and  two-photon  transitions  involved  in  high  precision  experimental  investi¬ 
gations  have  been  indicated  (a  -  ref.  4,  b  -  ref.  5,  e  -  ref.  6,  d  -  ref.  7,  e  -  ref.  8,  f  -  ref.  9,  g 
-  refs  3,10,  h  -  refs.  11,12). 


resonances  since,  differently  from  Hydrogen,  3p  states  are  relatively  long  lived. 
Indeed,  radiative  widths  are  1.6  and  1.5  MHz  for  2^?  and  S^P  states  respectively. 

In  the  present  work,  we  shall  concentrate  mostly  on  the  2^S\  ->  S^Pj 
transitions  in  the  near  ultraviolet  at  389  nm.  There  are  several  reasons  for  this 
choice.  First,  the  uv  radiation  is  obtained  by  frequency  doubling  a  laser  source  at 
778  nm,  in  close  coincidence  with  two  photon  transitions  in  Rubidium  which  now 
constitute  a  precise  optical  frequency  reference  (15).  Indeed  this  allowed  the  first 
pure  frequency  measurement  of  an  optical  transition  in  helium  to  be  performed  (3). 
Also,  the  energy  of  the  upper  level  of  the  transition,  n=3,  is  accurately  predicted  by 
theory  (16),  As  a  consequence,  the  precise  measurement  of  the  transition  results  in 
an  accurate  determination  of  the  2^8 1  metastable  level  energy  and  Lamb  shift. 

As  is  well  known,  2^81  can  be  considered  as  a  sort  of  "auxiliary"  ground  state 
for  helium.  Indeed  closed  transitions  in  the  optical  region  originate  from  it,  which 
allow  not  only  high  resolution  investigations,  but  also  laser  cooling  or  trapping  and 

atomic  interferometry  experiments.  For  both  2^8 1  and  2^81 

transitions  highly  precise  measurements  of  isotope  effect  and  hyperfine  structure 
can  be  performed  and  the  comparison  with  the  accurate  predictions  of  the  nuclear 
size  contributions  to  the  energy  allows  a  determination  of  the  relative  nuclear  radii 
of  ^He  and  ^He.  Finally,  differently  from  singlet  states,  triplet  ones  display  fine 
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FIGURE  3.  General  scheme  of  the  experimental  apparatus  for  the  investigation  of 
Helium  ->  S^pj  transitions  at  389  nm. 


structure  splittings.  Of  course  these  enter  both  in  the  experiments  and  in  the  theory 
and,  as  we  shall  discuss,  there  are  good  prospects  to  obtain  a  value  for  the  fine 

structure  constant  a  comparable  in  accuracy  to  those  from  the  quantum  Hall  effect 
or  from  the  electron  magnetic  anomaly. 


PURE  FREQUENCY  MEASUREMENT  OF  THE 
23s  1  33pj  TRANSITIONS 

The  general  scheme  of  our  experimental  apparatus  for  the  high  resolution  and 
high  precision  investigation  of  the  2^Si  3^Pj  transitions  is  shown  in  Fig.3.  Four 
different  sections  can  be  individuated:  the  389  nm  laser  source,  the  two-photon 
Rubidium  reference  diode  laser  spectrometer,  the  metastable  Helium  atomic  beam, 
the  optical-microwave  frequency  mixing  apparatus. 

As  in  our  recent  works  (3,17),  radiation  at  389  nm  is  provided  by  a  commercial 
intracavity  frequency  doubled  Ti  -  doped  sapphire  laser.  Typically  we  have  20  mW 
with  a  frequency  jitter  of  about  1  MHz.  At  tjfie  same  time,  15  mW  of  the  fundamen¬ 
tal  oscillation  at  778  nm  are  available  for  the  frequency  measurement  section  of  the 
experiment. 
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Two-Photon  Rubidium  Frequency  Standard  at  778  nm 

As  for  the  778  nm  laser  frequency  needed  to  excite,  after  doubling,  the  Helium 
transitions,  there  are  some  interesting  coincidences  which  have  made  possible  the 
direct  measurement.  Indeed  it  is  only  42  GHz  higher  than  those  involved  in  the 
Hydrogen  2S-8S/8D  two-photon  transitions  used  (18)  for  a  determination  of  the 
Rydberg  constant.  As  is  well  known,  the  latter  absolute  frequency  measurements 
were  performed  using  the  close  coincidence  with  the  difference  in  frequency  be¬ 
tween  the  iodine  stabilized  HeNe  laser  and  the  methane  stabilized  HeNe  laser,  at 

473  THz  (633  nm)  and  88  THz  (3.39  pm),  respectively.  By  means  of  the  same  fre¬ 
quency  scheme,  the  group  in  Paris  (15,20)  has  measured  the  frequency  of  the 

5S  i/2->5D3/2,5/2  two-photon  transitions  in  Rubidium.  In  this  case  the  coincidence 
is  with  a  residual  difference  of  about  5  and  50  GHz  for  the  D3/2  and  D5/2  compo¬ 
nents  respectively.  The  absolute  optical  frequencies  of  the  Rb  hyperfine  compo¬ 
nents  were  measured  with  an  uncertainty  of  5  KHz,  i.e.  1.3x10-^  1.  Light-shift  and 
the  effect  of  changing  the  temperature  of  the  Rb  cell  were  also  carefully  investi¬ 
gated.  In  general,  the  reproducibility  was  found  to  be  very  good  and  the  perspec¬ 
tives  for  a  Rubidium  two-photon  optical  frequency  standard  are  now  quantitatively 
investigated  (20,21). 


5D 

5/2 


FIGURE  4,  Simplified  level  scheme  of  Rb,  showing  the  two-photon  transitions  used 
as  optical  frequency  references  at  778  nm. 
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This  new  standard  enters  now  new  frequency  sum/difference  schemes 
one  by  J  Hall  and  co-workers  for  the  measurement  of  the  frequency  doubled  Nd- 
Yag  laser  in  the  green  (22).  Due  to  the  presence  of  nearly-resonant  intermediate  5? 
levels,  as  schematically  shown  in  Fig.  4,  the  two-photon  Rb  transitions  are  fairly 
strong  and  easy  to  be  induced  also  by  means  of  low  power  diode  lasers.  While 
broadband  diode  laser  excitation  of  two-photon  transitions  in  Rubidium  were  re¬ 
ported  (23),  we  instead  were  able  (3,24).  in  collaboration  with  F.  Biraben,  to  use 
only  1.6  mW  from  a  AlGaAs  laser  mounted  in  a  grating  feedback  scheme  (25)  tor 
line  narrowing.  In  the  present  experiment,  we  used  a  little  more  powerful  diode 
laser  and  the  scheme  of  the  apparatus  is  shown  in  Fig.  5. 


To  wavemeter 


FIGURE  5.  Diode  laser  based  Rubidium  two-photon  spectrometer. 
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FIGURE  6.  a)  Two-photon  subdoppler  recording  of  the  hyperfine  components  of  the 
Rb  5Si/2  (F=2)  ->  5D5/2  (F=1-4).  b)  First  derivative  signal.  Time  constant 
1  msec.  The  frequency  iock  of  the  diode  laser  on  the  F=  2.>4  component  provides  a 
reference  at  v  -  385284566366±6  KHz,  after  light  shift  is  subtracted. 
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The  laser  radiation  for  the  two-photon  excitation  comes  from  the  intracavity 
beam  splitter,  while  two  other  outputs,  from  the  other  side  of  the  beam  splitter  and 
from  the  zeroth  order  of  the  grating  are  used  for  the  wavelength  control  and  for  the 
mixing  with  the  radiation  from  the  Ti: sapphire  laser.  A  60  dB  optical  isolator  is  nec¬ 
essary  to  avoid  the  feedback  from  the  two-photon  section.  The  laser  beam  is  fo¬ 
cused  into  the  Rubidium  cell  by  means  of  a  lens  and  then  retroreflected  by  a  spheri¬ 
cal  mirror.  The  geometry  is  controlled  in  order  to  carefully  evaluate  the  bearn  waist, 
which  is  necessary  to  estimate  the  light  shift  effect.  The  two-photon  transition  is 
detected  by  monitoring  the  fluorescence  at  420  nm,  as  indicated  in  Fig.  4,  The  Rb 
cell  is  heated  at  about  90  and  is  placed  at  the  center  of  three  pairs  of  Helmholtz 
coils  for  the  compensation  of  the  residual  magnetic  field  along  the  three  axis.  A 
typical  subdoppler  recording  of  a  portion  of  the  hyperfine  structure  is  shown  in 
Fig.  6.  The  linewidth  of  each  resolved  component  is  about  1  MHz,  almost  twice  the 
natural  linewidth  possibly  because  of  a  non  perfect  compensation  of  the  Doppler  ef¬ 
fect,  some  residual  magnetic  field  and  fast  frequency  jitter  of  the  laser.  The  first 
derivative  signal  is  well  suited  for  the  frequency  lock  of  the  diode  laser.  Indeed,  to 
create  the  reference  for  the  helium  experiment,  we  locked  the  laser  on  the  strongest 

F=2“^4  component. 


Metastable  He  Atomic  Beam  and  Laser  Interaction 

The  accuracy  of  our  original  (3)  Helium  frequency  measurement  at  389  nm,  as 
well  as  that  of  the  previous  (10)  wavelength  determination,  was  affected  by  factors 
related  to  the  environment,  in  both  case  a  discharge  cell,  such  as  collisions  or  spuri¬ 
ous  electric  and  magnetic  fields,  under  control  only  to  a  certain  extent.  As  a  conse¬ 
quence  we  decided  to  implement  the  apparatus  with  a  metastable  Helium  atomic 

beam.  , ,  ,  •  ^ 

The  original  mainframe  of  the  beam  had  been  developed  by  the  group  m  Napoli 
to  study  atomic  oxygen.  In  the  present  work  much  care  has  been  devoted  to  the 
excitation  of  the  helium  atoms  in  the  triplet  metastable  state  and  to  optical  configura¬ 
tion  for  the  interaction  with  the  laser  beam  and  its  detection. 

In  principle,  a  simple  way  to  produce  metastable  atoms  is  to  induce  collisions 
with  electrons  which  must  be  rather  monoenergetic  as  a  consequence  of  excitation 
cross  sections  showing  a  narrow  peak  with  the  collision  energy.  However,  for 
Helium  the  cross  sections  for  this  process  are  quite  small,  of  the  order  of  O.OIA^  at 
a  peak  of  about  35  eV.  Due  to  this  fact,  an  elevate  electron  density  current  is  neces- 
saty  to  reach  a  high  level  of  atomic  excitation,  condition  which  is  not  easy  to  get 
with  a  standard  electron  gun.  Moreover  Helium  atoms  are  light  and  are  sensibly  de¬ 
flected  by  elastic  and  inelastic  collisions  with  the  electrons. 

For  all  the  above  reasons  we  chose  to  use  as  excitation  method  a  longitudinal 
discharge  just  at  the  exit  of  an  effusive  atomic  source  (a  1  cm  long  channel  with  a 
diameter  of  0.3  mm),  with  a  scheme  similar  to  that  demonstrated  (27)  highly  effi¬ 
cient  for  the  production  of  metastable  magnesium  atoms.  Over  a  threshold  on  the 
atomic  flux,  the  discharge  is  self-sustained  by  a  relatively  large  production  of  ions. 
These  almost  neutralise  the  negative  charges  allowing  electron  currents  of  amperes 
over  cm2  at  a  relatively  low  voltage.  The  molybdenum  toroidal  cathode,  coated  by  a 
mixture  of  BaO  and  SrO,  is  positioned  around  the  channel  aperture,  where  the 
atomic  density  has  its  maximum,  while  the  anode  has  the  shape  of  a  cylinder 
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coaxial  with  the  atomic  beam  and  is  made  by  two  stainless  steel  rings  at  the  ends 
and  a  number  of  tungsten  wires  as  the  lateral  wall.  A  collimator  (with  a  slide  of  1 
mm)  separates  the  excitation  chamber  from  the  metastable  beam  chamber  and  is 
positioned  at  6  cm  from  the  channel  aperture.  To  strongly  enhance  the  electron 
density,  and  therefore  the  production  of  metastable  atoms,  the  discharge  is  inside  a 
permanent  magnet  that  produces  a  longitudinal  field  (maximum  =  400  G)  with 
strength  lines  forming  "funnels"  that  have  their  narrow  section  at  the  anode.  The 
motion  of  the  electrons  in  these  non  uniform  electric  and  magnetic  fields  is  quite 
complex,  and  in  particular  the  Larmor  loop  changes  into  a  cycloid  with  a  drift 
motion  perpendicular  to  both  the  local  electric  and  magnetic  fields.  Because  of  the 
axial  symmetry  of  the  system,  the  resulting  motion  is  then  mainly  a  spiral  around 
the  axis.  The  electrons  go  forward  and  backward  several  times  inside  the  anode 
until,  because  of  the  collisions,  they  diffuse  reaching  the  anode  wall.  In  this  way 
inside  the  anode  the  electric  potentials  grow  radially,  with  a  maximum  at  the  axis. 

In  conclusion,  this  discharge  configuration  allows  a  high  current  density  and  a 
low  potential  along  the  beam  axis,  hence  optimising  the  production  of  metastable 
atoms.  The  starting  atomic  flux  from  the  source  channel  is  about  3x10^9  atoms/sec, 
the  anode  current  is  nearly  500  mA,  with  an  anode  voltage  which  may  drop  to  less 
than  60  V  for  high  flux  (in  this  case  the  atomic  mean  free  path  becomes  too  low  in 
the  production  chamber),  and  is  around  70  V  in  good  working  conditions.  In  the 
beam  we  could  estimate,  also  using  a  metastable  detector  at  the  end,  a  flux  of  at 
least  a  few  10^4  at./(secxsterad).  A  second  collimator  (again  a  slide  of  0.3 
mm)  is  placed  just  before  the  laser/atoms  interaction  zone  limiting  the  transverse 
Doppler  broadening  to  about  15  MHz. 


beam 


FIGURE  7.  Scheme  of  the  geometry  of  the  interaction  between  laser  and  atomic  beam. 
Fluorescence  at  389  nm  is  detected  from  the  top. 
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FIGURE  8.  Typical  recordings  of  the  Helium  transitions  at  389  nm.  In  a)  and  b)  signals 
are  obtained  using  a  single  laser  beam,  with  an  improved  atomic  beam  collimation  in  b). 
The  Doppler  width  is  reduced  by  nearly  a  factor  of  500.  In  c)  two  counterpropagating 
beams  are  used  and  the  saturation  dip  is  detected. 


Much  care  is  devoted  to  the  careful  control  of  relative  orthogonality  and  forward- 
backward  alignment  between  the  laser  and  the  atomic  beams.  This  is  achieved  with 
the  aid  of  a  pin-hole  and  of  a  "triangle"  configuration,  as  schematically  shown  in 
Fig.  7.  Fluorescence  at  389  nm  is  then  detected  from  the  top.  Typical  recordings  of 

the  (partial)  fine  structure  of  the  2^Si  S^Pj  transition  are  shown  in  Fig.  8. 
"Single  laser  beam"  recordings  are  shown  together  with  a  saturated  absorption  sig¬ 
nal  obtained  in  presence  of  two  counterpropagating  beams.  For  the  prelimiriary 
measurements  reported  in  this  work  we  preferred  to  use  the  "single"  beam  configu¬ 
ration:  the  linewidth  was  much  reduced  by  means  of  a  better  collimation  and  the 
good  signal  to  noise  ratio  allowed  the  frequency  lock  of  the  laser  at  the  center  with  a 
jitter  of  few  hundred  kilohertzs.  Frequency  measurements  were  then  performed  al¬ 
ternatively  using  the  laser  beam  from  the  right  and  from  the  left  in  order  to  evaluate, 
compensate  and  average  possible  minor  differences  caused  by  possible  residual 
misalignment  between  the  beams.  A  significant  improvement  in  the  linewidth  and  in 
the  signal  intensity  could  come  from  a  cooled  and  transversally  compressed  atomic 
beam. 
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FIGURE  9.  Typical  recording  of  the  nonlinear  Hanie  effect  used  to  control  the  residua! 
magnetic  field.  This  could  be  compensated  at  better  than  10  mG  using  three  pairs  of 
Helmholtz  coils.  The  2^31  ->  3^Po  transition  was  used. 


Three  pairs  of  Helmholtz  coils  in  the  interaction  region  allow  to  compensate  the 
residual  magnetic  field.  The  "zero"  value  in  each  direction  is  determined  by  sending 

a  laser  beam  polarised  in  such  way  to  induce  o^+a“  transitions  and  hence  detecting 
the  change  in  fluorescence  caused  by  the  nonlinear  Hanie  effect  (28),  as  typically 
shown  in  Fig.  9. 


Optical-Microwave  Frequency  Mixing  and  Measurements 

The  measurement  of  the  transition  at  389  nm  is  obtained  by  locking  the  fre¬ 
quency  doubled  Ti:Sapphire  on  He,  the  semiconductor  diode  on  Rb,  and  by  hetero¬ 
dyning  the  two  radiations  at  778  nm.  However,  the  two  frequencies  are  still  much 
different  (82  GHz)  and  therefore  a  fast  nonlinear  detector  is  needed.  For  this  pur¬ 
pose,  we  have  used  a  Schottky-barrier  diode  formed  by  the  contact  between  an 
electrolytically  sharpened  tungsten  wire  and  a  GaAs  semiconductor  base.  Disco¬ 
vered  as  a  broadband  mixer  of  visible  light  ten  years  ago  (29,30),  the  Shottky  diode 
has  been  recently  introduced  by  L.  Hollberg  and  co-workers  (31)  as  efficient  device 
for  heterodyning  diode  lasers  and  high  harmonics  of  microwave  sources. 
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FIGURE  10.  Scheme  of  the  mixing  experiment  of  Ti:Sapphire  and  diode  lasers  in  a 
Shottky  diode.  The  beat  note  frequency  is  lowered  by  mixing  with  microwaves  at  82 
GHz  from  a  Gunn  diode  phase  locked  to  a  low  noise  quartz  oscillator. 


In  our  experiment,  schematically  shown  in  Fig.  10,  the  two  laser  beams  are  su¬ 
perimposed  and  focused  on  the  Shottky  diode  by  means  of  a  microscope  objective 
with  magnification  60  and  numerical  aperture  0.7.  The  coupling  angle  is  about  30® 
from  the  tungsten  whisker.  The  beat  note  frequency  is  lowered  by  mixing  with  ra¬ 
diation  from  an  intermediate  frequency  oscillator.  In  particular,  microwave  radiation 
from  a  Gunn  diode  oscillating  at  82  GHz  is  coupled  through  a  waveguide,  with  the 
electric  field  parallel  to  the  whisker.  The  Gunn  oscillator  was  phase  locked  to  a  low 
noise  quartz  oscillator  following  the  scheme,  also  shown  in  Fig.  10,  developed  in 
collaboration  with  A.  Godone  from  lEN  "G.  Ferraris",  Torino.  Low  frequency 
beat  notes  between  the  Gunn  diode  frequency  and  the  frequency  differences  of  the 
lasers  were  observed  with  a  typical  signal  to  noise  ratio  of  25  dB  (300  KHz  band¬ 
width).  For  the  preliminary  experiment  here  reported,  some  electronic  components 
(for  instance  the  bandwidth  of  the  microwave  amplifiers)  were  optimised  for  the 

measurement  of  the  frequency  of  the  23Si-^33Po  fine  structure  component. 

The  results  for  several  independent  measurements  of  the  low  frequency  beat  note 
are  shown  in  Fig.  1 1 .  The  different  values  are  scattered  within  200  KHz  and  from 
their  average  a  value  of  770732840.325  (45)  MHz  can  be  inferred  for  the  frequency 
of  the  doubled  Ti.'Sapphire  laser  locked  on  Helium.  However,  in  order  to  obtain 

the  frequency  of  the  2^Si— >33Po  transition,  some  corrections  must  be  taken  into  ac¬ 
count. 


FIGURE  11.  Results  of  independent  low  frequency  beat  notes  with  the  frequency 
doubled  TiiSaph.  laser  locked  to  the  23Si  ->  He  transition.  The  total  spread  is 
about  200  KHz. 

They  are  the  Rb  and  He  light  shifts,  the  photon  recoil  which  for  this  transition  is 
rather  large  (-325  KHz  ~  r/4),  the  2^^^  order  Doppler  shift.  The  latter  is  at  present 
the  largest  source  of  uncertainty  before  a  quantitative  analysis  of  the  velocity  distri¬ 
bution  will  be  completed.  However  a  preliminary  value  for  He  23Si^33Po  transi¬ 
tion  can  be  given:  770732840151  (50)  KHz  which  shows  an  accuracy  of  6x10"^  ^ 
This  value  can  be  compared  with  a  wavelength  measurement  (10)  of  the  crossover 

resonance  among  the  He  23Si-^33Pi  and  2^8  i~>33P2  transitions,  using  the  exist¬ 
ing  (32)  fine  structure  values  for  the  3^?  state  and  taking  into  account  the  correc¬ 
tion  for  the  HeNe  secondary  standard  (33).  Even  though  our  value  must  be  consid¬ 
ered  as  preliminary,  the  comparison  in  Fig.  12  clearly  indicates  the  significant  im¬ 
provement  obtained  by  the  direct  measurement  of  the  frequency,  as  already  dis¬ 
cussed  also  for  our  previous  measurements  in  a  discharge  cell  (3). 

It  will  be  desirable  to  repeat  the  pure  optical  frequency  measurement  also  for  the 

others  23Si^3^Pl  and  2^Si—>3^P2  transitions.  Indeed,  with  a  confirmed 
accuracy  of  a  few  tens  of  kilohertz,  it  will  be  possible  to  extract  by  difference  the 
fine  structure  separations  in  the  3^P  state.  This  would  allow  a  meaningful 
comparison  with  the  data  from  a  level  crossing  experiment  (32)  using  high 
magnetic  fields  and  theoretical  values  for  the  giromagnetic  factors. 
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FIGURE  12.  Comparison  between  the  23S-|  ->  3^Po  transition  frequency  values  as 
directly  measured  in  an  atomic  beam  in  this  work  (preliminary)  or  inferred  frorn  a  wave- 
iength  measurement  (Adams  et  ai.)  combined  with  fine  structure  data.  The  theoreticai 
prediction  takes  into  account  a  "renormaiization"  factor  as  explained  in  ref.  16. 


A  recent  analysis  (34)  of  ^He  hypeifine  structure  and  isotope  shift  indicates  that 
the  fine  structure  data  should  be  possibly  corrected,  but  it  is  clear  that  a  direct  mea- 
surement  would  be  important. 


23s  1  and  2^?  Levels  Lamb  Shift 

As  for  the  theoretical  prediction  reported  in  Fig.  12,  it  is  worth  noting  that  the 
uncertainty  of  163  MHz  is  not  shown.  This  uncertainty  is  mostly  caused  by  the 
evaluation  of  the  23$  i  level  Lamb  shift,  in  particular  of  the  "one  electron"  contribu¬ 
tion  (16).  Also,  a  renormalization  for  the  energy  position  of  the  2^8 1  level  is  intro¬ 
duced  (16),  as  inferred  from  the  analysis  of  all  previous  experimental  results. 
However,  the  accuracy  of  theory  improves  significantly  going  to  higher  excited 
levels  and  in  particular  for  n>2,  as  shown  in  Table  I  where  we  report  a  selection  of 
the  computed  (16)  uncertainties  of  the  energy  levels  due  to  QED  terms  and 
Rydberg  constant  determination.  This  means  that  energy,  and  Lamb-shitt,  ot  the 
metastable  23Si  level  can  be  obtained  from  accurate  measurements  of  transitions  to 
higher  excited  levels.  Considering  a  theoretical  uncertainty  of  600  KHz  for  the  3  P 
level  and  a  most  accurate  measurement  of  the  23Si^33Po  transition,  we  were  able 
(3)  to  extract  the  23$  i  level  Lamb-shift  with  an  accuracy  of  1 .9  parts  in  Iff*. 
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Table  I.  Theoretical  uncertainties  (in  KHz)  in  the  ^He  energy  level  position  due  to  QED 
terms  and  Rydberg  constant  determination  . 


Level  Uncertainties 


2lSo 

Lamb  Shift 

180 

Rydberg  Constant 
Determination 

3lPi 

600 

— 

23$  1 

163000 

— 

23Po 

1800 

23Pi 

1800 

— 

23P2 

1800 

_ 

33po 

600 

Q. 

CO 

CO 

600 

33P2 

600 

— 

33D3 

17 

8 

43D3 

10 

4 

53D3 

6 

3 

63D3 

3 

2 

33Di 

17 

8 

43Di 

10 

4 

53Di 

6 

3 

The  present  measurements  in  the  beam,  even  if  preliminary,  further  reduce  the 
uncertainty,  which  now  is  essentially  determined  by  the  theoretical  accuracy  in  the 
level.  The  experimental  value  for  the  Lamb-shift  of  the  2^Si  level  is  more  than 
two  orders  of  magnitude  more  accurate  than  the  theoretical  prediction  (16),  This 
should  stress  an  improved  calculation  of  the  Bethe  logarithm  for  the  2^S\  level,  as 
done  by  Baker  et  al.  (35)  for  the  corresponding  singlet  level.  In  Fig.  13  we  com¬ 
pare  our  results  with  the  values  which  can  be  deduced  from  the  investigations  of 
other  transitions.  The  upper  level  of  each  transition  is  also  indicated  since  the  uncer¬ 
tainty  of  its  theoretical  prediction  (Tab.  I)  constitutes  the  ultimate  limitation  to  the 
accuracy  of  the  Lamb-shift  which  can  be  extracted  for  the  23Si  level.  In  this  re¬ 
spect,  the  theory  is  much  more  accurate  for  D  states  and  two-photon  transitions  to 
them  are  the  best  candidates  for  further  significant  improvements.  For  instance,  the 
uncertainty  from  the  investigation  of  Hlousek  et  al.  (9)  is  mostly  dominated  by  the 
accuracy  of  the  wavelength  measurement,  while  the  theory  for  the  upper  level 
would  allow  an  improvement  of  more  than  one  order  of  magnitude.  Particularly  in¬ 
teresting  could  be  to  repeat  the  measurement  of  the  two-photon  transition  to  the  4^D 
level,  which  opened  the  list  of  high  resolution  investigations  in  Helium  (Giacobino 
and  Biraben  (8)).  In  this  case  the  wavelength  is  632.8  nm  and  a  direct  frequency 
measurement  could  now  be  performed  taking  advantage  of  the  close  coincidence 
(112  GHz)  with  the  I2  stabilized  HeNe  laser  (36). 
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FIGURE  13.  Lamb-shift  of  the  He  2^3-^  level  as  deduced  from  measurements  on  dif¬ 
ferent  optical  transitions  (Zhao  et  al.  ref.  11,  Hlousek  et  al.  ref.  9,  Shiner  et  al.  ref.  12, 
Adams  et  al.  ref.  10,  Pavone  et  al.  ref.  3).  When  necessary,  the  corrections  for  the  new 
value  (33)  of  the  HeNe  frequency  standard  have  been  done. 

On  the  contrary,  the  uncertainty  which  can  be  achieved  from  the 
transition  is  already  mostly  limited,  in  particular  for  Shiner  et  al.  (1 1),  by  the  poor 
knowledge  of  the  Lamb-shift  of  the  2^?  upper  level.  Instead,  these  spectroscopic 
measurements  at  1.08  |Xm  can  be  used  to  obtain  an  accurate  value  for  the  energy  of 
this  level.  Indeed,  we  can  use  our  determination  of  the  energy  of  the  2^81  level  and 
the  measurements  (1 1,12)  on  the  2^81^23?  transition  to  extract  an  experimental 
value  of  the  energy  of  the  23p  level.  By  subtracting  the  non  QED  contributions 
(16),  we  obtain  the  Lamb  shift.  The  result  is  compared  in  Fig.  14  with  the  theoreti¬ 
cal  prediction  which  in  this  case  seems  rather  satisfactory.  It  is  evident  that  the 
availability  of  precise  measurements  on  different  transitions  could  allow  other 
"loop"  calculation  for  a  further  test  of  the  theoretical  model  and,  maybe,  an  alterna¬ 
tive  determination  of  fundamental  quantities  such  as  the  Rydberg  constant  or  the 
Casimir  forces  contribution  to  the  energies. 
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FJGURE  14.  Lamb-shift  of  the  2^P  level  as  deduced  combining  spectroscopic  mea¬ 
surements  at  389  nm  (ref.  3  and  present  work)  and  at  1 .08  pm  (two  different  determina¬ 
tions  by  Zhao  et  al.  (11)  and  Shiner  et  al.  (12)).  The  theoretical  prediction  (16)  is  also 
shown. 


ISOTOPE  SHIFT  AND  HYPERFINE  STRUCTURE 

Precise  measurements  on  the  and  Z^Si^Z^P  transitions  were  also 

extended  (17,37,38,39)  to  ^He  for  the  determination  of  isotope  shift  and  hyperfine 
structure.  Most  interest  comes  from  the  fact  that  the  partial  cancellation  of  the  less 
accurately  known  terms  contributing  to  the  energy  allows  to  give  predictions  (16) 
for  the  isotope  shift  with  an  uncertainty  of  1  IGIz,  not  counting  that  originating 
from  the  finite  nuclear  size.  This  contribution  (field  shift)  can  be  evaluated  in  a  first- 
order  perturbative  scheme,  and  a  laser  spectroscopy  experiment,  if  sufficiently  ac¬ 
curate,  can  reach  to  effects  of  nuclear  structure,  and  in  particular  to  give  values  of 
the  nuclear  radii.  In  particular,  ^He  nuclear  charge  radius  could  be  determined,  us¬ 
ing  as  a  reference  the  precise  value  available  for  ^He  from  muonic  Helium  (39).  In 
this  way  ,  values  from  table-top  atomic  physics  experiments,  in  a  regime  of  low  en¬ 
ergy  and  momentum  transfer,  can  be  compared  with  the  results  extrapolated  from 
high-energy  scattering  measurements.  The  accuracy  achievable  from  atomic  physics 
shows  to  be  higher  even  though  an  unambiguous  analysis  of  the  measurements 
still  requires  a  better  understanding  of  both  fine  and  hyperfine  structures. 
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a  -  FINE  STRUCTURE  CONSTANT  AND  HELIUM 
PRECISION  SPECTROSCOPY 

We  have  so  far  evidenced  the  importance  of  a  precise  knowledge  of  the  fine 
structure  separations  in  2  and  3  levels.  Indeed  these  ^e  involved  in  the  quantita¬ 
tive  evaluation  of  different  effects  such  as  QED  corrections,  nuclear  size  contribu¬ 
tions  and  hyperfine  interactions.  Even  more  important,  the  comparison  with 
theoretical  calculations  could  be  used  to  determine  an  "atomic  physics"  value  for  the 

fine  structure  constant  a. 

The  list  of  precise  measurements  of  helium  fine  structure  was  opened  by  the 
early  work  by  Lamb  and  Maiman(40)  in  1957.  More  recently,  in  1981,  Hughes 
and  co-workers  (41,42)  measured  the  separations  between  the  2  ^Pj  sublevels  us¬ 
ing  an  optical-microwave  atomic  beam  magnetic  resonance  technique.  They  could 

extract  a  value  of  a  with  an  accuracy  of  0.8  ppm.  This  was  possible  thanks  to  a 
comparison  with  the  theory  of  Lewis  and  Serafino  (43)  taking  into  account  pertur¬ 
bative  terms  up  to  a.u.  At  present,  a  measurement  of  the  a  constant  must  com¬ 
pete  with  the  accuracy  of  0.008  ppm,  0.024  ppm  and  0.056  ppm  achieved  respec¬ 
tively  from  the  QED  analysis  of  the  electron  anomaly,  from  the  Quantum  Hall  ef¬ 
fect  and  from  the  ac  Josephson  effect.  An  exhaustive  comparison  of  the  different 

most  precise  determinations  of  a  was  performed  by  Kinoshita  (44). 


0.03597  0.03598  0.03599  0.03600 

a'  -  137 


FIGURE  15.  Most  precise  values  of  the  fine  structure  constant  a  as  extracted  from  dif¬ 
ferent  physical  systems,  {g-2)  =  electron  magnetic  dipole  anomaly;  (QHE)  =  quantized  Hall 
effect;  (acJ&yp)  =  Josephson  effect. 
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The  situation  is  summarised  in  Fig.  15.  As  can  be  noticed  the  agreement  is  not 
satisfactory  (values  scattered  over  0.15  ppm)  and  could  reflect  the  substantial  dif¬ 
ferences  between  the  physical  systems  in  which  measurements  are  performed.  A 
measurement  of  the  Helium  fine  structure  separations  with  a  precision  of  1  KHz 

would  provide  an  a  value  with  an  accuracy  of  0.016  ppm  (2P  separations)  or  0.06 
ppm  (3P  separations).  It  is  worth  noting  that,  with  respect  to  Hydrogen,  the 
Helium  P  states  are  longer  lived  and  natural  line  widths  are  of  the  order  of  1.5 
MHz.  As  a  consequence  the  1  KHz  accuracy  in  the  separations  measurements  is 
accessible  at  least  in  principle.  Of  course  a  sensitive  and  precise  technique  must  be 
implemented  and  in  our  opinion  the  value  must  be  extracted  by  a  direct  frequency 
measurement  of  the  separation.  Probably  the  disagreement  between  the  values 
reported  in  refs.  41,42  and  those  in  ref.  12  comes  from  the  fact  that  these  more 

recent  values  are  extracted  only  as  differences  of  the  2S-»3P  optical  wavelengths 
determined  separately.  However,  also  the  existing  measurements  using  the  double 
resonance  scheme  (41,42)  could  have  suffered  by  the  presence  of  a  strong  magnetic 
field  which  was  added  to  tune  the  atomic  structure  into  resonance  with  a  fixed 
frequency  microwave  radiation. 

It  is  worth  noting  that  1  KHz  accuracy  measurements  are  likely  to  be  comparable 
with  a  similar  accuracy  theoretical  predictions.  In  the  last  years,  the  dominant  ofi 

term  has  been  computed  (45)  with  a  0,03  KHz  accuracy.  The  corrections  come 
from  the  second  order  Breit  terms  and  by  the  Douglas  and  Kroll  terms  (46).  These 
corrections  have  been  calculated  to  better  than  100  Hz,  together  with  a^lnZa  terms 
(47)  and  hence  the  theory  at  the  level  is  now  complete.  The  contribution  of  the 

pure  terms  is  less  than  50  KHz  and  it  is  likely  to  be  accurately  evaluated  (48) 
also  because  it  is  sufficient  to  take  into  account  only  the  spin  dependent  terms. 


CONCLUSION 

In  conclusion,  we  have  shown  how  pure  frequency  measurements  can  bring  the 
uncertainty  of  optical  energy  separations  in  Helium  down  to  the  level  of  few  parts 
in  lO^k  Combined  with  the  dramatic  progress  in  the  theory,  these  experiments 
make  possible  a  quantitative  analysis  of  QED  and  finite  nuclear  size  corrections. 

Lamb  shifts  are  obtained  for  2^Si,  23p  and  33p  levels,  as  well  as  the  nuclear 
charge  radius  for  ^He.  Like  Hydrogen  for  two-body  systems,  Helium  can  now 
provide  high  accuracy  tests  of  the  fundaments  of  the  theory  of  three-body  systems 
and  multielectron  atoms.  Furthermore,  the  investigation  of  triplet  states  opens  the 
fascinating  perspective  of  an  "atomic  physics"  determination  of  the  fine  structure 

constant  a  with  an  accuracy  of  few  parts  in  10^. 


^  -  Also  Department  of  Physics,  University  of  Firenze,  Italy, 
b  -  Also  Istituto  Nazionale  di  Ottica,  Firenze,  Italy. 
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Abstract.  Simple  exotic  atomic  systems  render  the  possibility  of  studying  fundamen¬ 
tal  interactions  and  testing  basic  symmetries  in  physics  and  of  determining  precise  val¬ 
ues  for  fundamental  constants.  Of  particular  interest  in  this  connection  are  hydrogen¬ 
like  systems.  Examples  for  systems,  where  some  progress  has  been  made  recently,  are 
among  others  pionic  hydrogen,  antiprotonic  helium,  muonic  helium,  positronium,  and 
muonium. 


INTRODUCTION 

In  atomic  systems  the  dominating  interaction  is  electromagnetic.  For  study¬ 
ing  the  contributions  of  other  interactions  it  is  of  advantage  to  use  simple  two 
and  three  body  atoms,  where  the  theory  of  quantum  electrodynamics  (QED) 
provides  the  framework  for  most  accurate  calculations  of  the  electromagnehc 
part  of  the  interaction.  Particularly  in  exotic  atoms  non-electromagnetic  in¬ 
teractions  can  be  strongly  pronounced  or  suppressed  depending  on  the  com¬ 
position  of  the  object  under  investigation. 


HADRONIC  SYSTEMS 

In  the  purely  hadronic  systems,  like  protonium  atom  {pp)  [1]  and  the  pionic 
hydrogen  atom  (pTf-)  [2],  the  strong  interaction  contributes  significantly  to  the 
energies  and  the  decay  width  of  the  atomic  states.  The  strong  interaction  can 
be  studied  in  such  atoms  at  zero  energy. 


Pionic  Hydrogen 

The  IS  level  of  pionic  hydrogen  (pTr”)  is  shifted  due  to  the  strong  interaction 
(Fig.  la)  by 

£15  = -— -^(2ai  +  Us)  (1) 

orj3 
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and  broadened  by 

where  E\s  is  the  IS  binding  energy  of  the  7r~,  tb  the  Bohr  radius,  Q  the 
reduced  mass  factor,  P  the  Panofsky  ratio  and  ai  and  as  the  pion-nucleon 
s-wave  scattering  lengths  for  isospin  1/2  respectively  3/2  [3].  The  scattering 
length  can  be  determined,  in  principle,  from  low  energy  pion-nucleon  scattering 
data  with  an  extrapolation  to  zero  energy.  However,  such  procedures  have  not 
led  to  consistent  results. 

An  experiment  presently  under  way  at  the  Paul  Scherrer  Insitut,  PSI,  in 
ViUigen,  Switzerland,  aims  for  a  clarification  of  the  situation  by  determining  a\ 
and  as  from  spectroscopic  data  from  3P-1S  transitions  in  pionic  hydrogen  and 
pionic  deuterium  (d7r“)  [2]  using  a  newly  build  high  resolution  reflecting  crystal 
x-ray  spectrometer  with  CCD  readout  [4].  The  resolution  is  substantially 
better  than  1  eV  (FWHM).  The  3P-1S  transition  lines  were  chosen  because  of 
nearby  calibration  lines  in  argon  {K^)  and  beryllium  (7r“Be(4f-3d,4d-3p))  as 
shown  in  Fig.  lb.  From  previous  experiments  the  shift  is  known  as  — 

(  —  7.12  ±  0.32)eK  and  eis,i,-d  —  (5.5  ±  1.3)el/.  The  new  experiment  aims  for 
a  1%  accuracy  in  the  shift  and  a  10%  accuracy  in  the  width  which  is  expected 
to  be  0.9  eV  for  pionic  hydrogen  and  could  not  been  measured  so  far. 


Pionic  Beryllium  4-3 


CI,.Bnel«/lO  ChMm*ta/lO 


Figure  1;  (a)  Energy  levels  of  pionic  hydrogen,  (b)  Pionic  X-ray  signals  from  pionic 

Hydrogen  and  deuterium  together  with  calibration  lines  in  Argon  (line  splitting  2.13  eV) 
and  Beryllium  (line  splitting  2.26  eV)  [2], 
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SYSTEMS  CONSISTING  OF  HADRONS  AND  LEPTONS 

The  progress  in  modern  spectroscopy  allows  measurements  on  atomic  hy¬ 
drogen  (pe")  with  highest  accuracy  [5].  There  are  various  proposals  for  pro¬ 
ducing  and  trapping  its  antiatom,  antihydrogen  at  the  Low  Energy 

Antiproton  Storage  Ring  (LEAR)  facihty  at  CERN  [6].  Spectroscopy  of  simi¬ 
lar  accuracy  may  be  possible  in  the  future  providing  a  test  of  the  CPT  theorem 
similar  in  accuracy  to  the  one  reached  in  the  mass  difference  in  the  K  K 
system.  Whereas  precision  experiments  on  antihydrogen  will  be  reserved  for 
the  future,  muonic  helium  and  antiprotonic  hehum  already  have  experimental 
records  ^ 


Muonic  Helium 

Polarized  muonic  helium(3)  atoms  ((/i-^He)+e-)  can  be  obtained  by  stop¬ 
ping  unpolarized  negative  muons  in  a  gas  volume  containing  unpolarized  he- 
lium(3)  and  a  sufficient  density  of  Rb-atoms  which  have  been  polarized  by 
laser  spectroscopy.  Charge  exchange  and  spin  exchange  reactions  result  in  an 
average  polarization  oi^He  of  27%  [7].  The  experiments  were  conducted  at  the 
Clinton  P,  Anderson  Meson  Physics  Facihty,  LAMPF,  in  Los  Alamos,  USA. 

Polarized  muonic  heHum(3)  is  of  interest  for  testing  fundamental  symme¬ 
tries,  for  example  T-invariance  [8],  and  for  investigating  the  spin  dependence 
of  nuclear  muon  capture  in  ^He:  p  -f^He— >^He  -f-i/  which  wiU  allow  to  study 
the  weak  interaction  between  the  muon  and  the  nucleon.  The  measurement 
will  be  sensitive  to  the  induced  pseudoscalar  couphng  Qp  of  the  muon  to  the 
nucleon  and  possible  second  class  currents  [7]. 

Antiprotonic  Helium 

The  observation  that  antiprotons  stopped  in  Hquid  or  gaseous  hehum  ex¬ 
hibit  long  hfetimes  can  be  explained,  if  one  assumes  that  the  antiprotons  are 
trapped  in  metastable  states  of  high  principal  quantum  number  n  and  high  an¬ 
gular  momentum  /  [9].  A  recent  laser  experiment  carried  out  at  the  LEAR  has 
strongly  confirmed  that  model  [10].  A  pulsed  tunable  dye  laser  was  fired  about 
1.8  fisec  after  the  formation  of  the  metastable  system.  A  resonant  transition 
was  induced  between  metastable  states  and  short  lived  states  the  hfetime  of 
which  is  mostly  determined  by  Auger  processes  (Fig.  2a, b).  On  resonance 
an  immediate  increase  in  the  antiproton  annihilation  rate  was  observed.  The 
transition  at  597.259(2)  nm  has  been  assigned  to  the  quantum  numbers  (n,/)- 
(39  35)  (38,34).  By  using  a  second  laser,  which  was  pulsed  after  a  (variable) 

delay  with  respect  to  the  first  one,  the  re-population  from  higher  states  could 
be  demonstrated  [11]. 
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Figure  2:  (a)  Excited  states  of  antiprotonic  helium,  (b)  Annihilation  of  antiprotons  can 
be  forced  by  laser  radiation  which  excites  the  metastable  antiproton  state  to  a  state  with 
lower  angular  momentum  [10]. 


With  the  observation  of  long  hved  antiprotonic  states  it  appears  not  longer 
impossible  to  perform  precision  spectroscopic  measurements  even  in  systems 
consisting  of  more  than  one  hadronic  particle,  since  immediate  annihilation 
does  not  appear  to  be  unavoidable. 


LEPTONIC  SYSTEMS 

The  energy  levels  of  naturedly  abundant  hydrogen  isotopes,  hydrogen-like 
ions  and  exotic  systems  with  hadronic  nuclei  are  influenced  by  the  finite  size 
and  the  internal  structure  of  the  hadrons  and  the  dynamics  of  the  charge  car¬ 
rying  constituents  within  these  particles.  The  interpretation  of  highly  precise 
measurements  in  those  systems  is  limited  by  the  insufficient  knowledge  of  the 
nuclear  structure  effects.  The  positronium  atom  (e'*'e~)  [12]  and  muonium 
atom  [13]  each  consist  of  two  different  leptons  for  which  no  internal 

structure  is  known  to  date  [14].  Both  systems  can  be  explained  up  to  high  ac¬ 
curacy  by  bound  state  Quantum  electrodynamics.  Positronium  as  a  particle- 
antiparticle  system  is  subject  to  real  and  virtual  annihilations,  which  broaden 
the  hues  and  present  an  additional  challenge  for  calculations.  The  low  mass  of 
the  system  requires  the  Bethe  Salpeter  formalism  for  a  fully  adequate  descrip¬ 
tion.  In  muonium  the  weak  decay  of  the  muon  within  2.2  fisec  sets  a  lower 
bound  for  all  Hnewidths  of  Ai/„ai^^+e-  =  145  kHz,  The  heavy  ’’nucleus”  allows 
the  use  of  the  Furry  picture  in  the  theoretical  description.  An  important  step 
forward  on  the  experimental  side  was  the  observation  that  muonium  atoms  in 


106  Light  Exotic  Atoms 


vacuum  with  thermal  energies  can  be  produced  from  S1O2  powder  targets  [13]. 


Positronium 


1S-2S  Transition 


A  measurement  of  the  PSi-2"Si  energy  interval  in  positronium  has  been 
performed  at  the  Bell  Laboratories  in  Murray  Hill,  USA,  by  Doppler-free  two- 
photon  spectroscopy  using  high  power  (2.5  kW)  cw  laser  light  at  486nm  in 
a  high  finesse  build  up  cavity  [15).  The  excited  state  population  was  probed 
using  a  pulsed  laser  at  532  nm  to  photo-ionize  the  2S  state.  The  liberated 
positrons  were  counted  (Fig.  3a,b). 


Figure  3:  Apparatus  (a)  and  signals  (b)  in  the  positronium  1S-2S  experiment  [15]. 

The  1S-2S  transition  frequency  was  determined  to  1  233  607  216.4(3.2)  MHz 
in  excellent  agreement  with  QED  calculations  [16],  which  yield  1  233  607  221.7 
MHz  with  an  estimated  uncertainty  of  order  10  MHz  due  to  uncalculated 
terms  of  order  a^Roc-  The  measurement  constitutes  a  test  of  the  a^Rco  QED 
contributions  at  the  35  ppm  level.  The  experiment  may  be  interpreted  as  as 
test  of  the  the  positron-electron  mass  ratio  at  the  level  of  8  ppb. 

The  cw  excitation  of  the  transition  circumvents  the  problems  associated 
with  precise  frequency  measurements  (see  below:  Muonium  1S-2S  Transition) 
and  yields  higher  accuracy.  Further  improvements  are  expected,  if  laser  cooled 
positronium  atoms  will  be  used  [15]. 


K.  P.  Jungmann  107 


n=2  State  Fine  Structure 

In  an  experiment  at  the  slow  positron  Facility,  TEPOS,  in  Giessen,  Ger 
many,  microwave  transitions  between  the  metastable  2^Si  state  and  the  2  Pj 
J=0,l,2,  states  were  induced  inside  of  a  microwave  waveguide  (Fig.  4).  The^ 
were  observed  by  increased  Lyman- cK-radiation  after  a  transition  [17].  Th< 
measured  frequencies  i/q—  18  499.65(1.20)(4.00)  MHz,  13  012. 42(0. 67)(1.5'^ 

MHz,  and  U2=  8  624. 38(0. 54)(L40)  MHz,  are  in  good  agreement  with  th« 
theoretical  calculations  1^0=  18  497.10  MHz,  j^i—  13  011.86  MHz,  and  U2~ 
8  626.21  MHz  where  the  uncertainty  is  on  the  MHz  level.  There  is  only  pool 
agreement  with  earlier  independent  measurements [18]. 


0  40  80  J20  160  ZOO  0  40  80  tZO  160  ZOO  0  40  80  IZO  160 

FTuq-ue-ncy  {MHz]  *  18380  MHz  Frequency  {MHzJ  -  129)0  MHz  Frequency  [MHz]  r  8510  MHz 


Figure  4:  Microwave  transition  signals  from  fine  structure  transitions  in  the  first  excited 
state  of  positronium  [17]. 

Since  positronium  is  an  eigenstate  of  the  charge  conjugation  operator  C 
the  2^Si-2^Pi  is  strictly  forbidden.  In  an  external  magnetic  field,  however,  it 
can  be  induced  due  to  the  admixing  of  other  states.  The  transition  frequency 
was  found  to  be  11  180(5)(4)  MHz  and  from  the  magnetic  field  dependence  of 
the  transition  probability  the  CP  violating  matrix  element  was  determined  to 
be  less  than  76  MHz  [19]. 

Positronium  Decays 

The  large  discrepancy  between  measured  Orthopositronium  decay  rate 
into  three  7’s  of  Ar=7.048  2(16)  fis~^  [20]  and  theoretical  calculations  of 
99(16)xl0~'^  [21]  constitutes  a  puzzle  now  for  several  years  which  demands 
for  a  satisfactory  solution.  Recent  estimates  of  terms  of  order  ma®  have  given 
evidence  that  the  problem  might  be  on  the  theoretical  side.  The  discrepancy 
gave  rise  to  numerous  speculations  proposing  exotic  decays  of  orthopositro¬ 
nium  [22],  none  of  which  could  be  supported  by  experimental  evidence,  so 
far. 

A  new  experimental  value  is  available  for  the  parapositronium  decay  rate 
into  two  7’s,  Xs=7  990.9(1.7)/is“^,  which  is  at  an  accuracy  of  215  ppm  suffi- 
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cient  to  test  the  ma’*' In  a  ^  contributions  [23]. 

Muonium 

Ground  State  Hyperfine  Structure  Splitting 

Important  progress  has  been  made  in  the  calculations  of  the  muonium 
ground  state  hyperfine  structure  splitting  by  numerous  theorists  calculating 
terms  of  order  a^{Za)  in  part  analytically  and  in  part  numerically..  Kinoshita 
and  Nio  find  463  302.63(L34)(0.21)(0.17)  kHz  [24].  This  figure 

includes  a  65  Hz  contribution  from  weak  interaction  due  to  axial-axial  vector 
coupling.  The  largest  uncertainty  arises  from  the  uncertainty  in  the  muon 
mass,  the  210  Hz  error  reflects  the  uncertainty  in  the  fine  structure  constant 
a  measured  by  the  quantum  Hall  effect,  and  the  170  Hz  uncertainty  is  due 
to  uncalculated  terms.  The  value  compares  well  with  the  experiment  which 
yielded  463  302.88(16)  kHz  [25].  If  a  value  is  used  for  the  fine 

structure  constant  which  can  be  derived  from  the  anomalous  magnetic  moment 
of  the  electron,  the  improved  theoretical  calculations  allow  to  extract  from  the 
latest  measurement  the  muon  mass  with  5.6  times  higher  accuracy  than  it 
has  been  known  so  far. 


Figure  5:  Microwave  resonance  lines  obtained  by  conventional  and  by  old  muonium 
techniques  for  two  Zeeman  transitions  in  the  ground  state  of  muonium  at  1.7  T  magnetic 
field. 


A  new  experiment  is  on  its  way  at  LAMPF  which  aims  for  an  improvement 
over  the  present  value  of  at  least  a  factor  of  five  [13].  Two  Zeeman  transitions 
wiU  be  induced  by  microwaves  in  an  external  magnetic  field  produced  by  a 
1.7  Tesla  superconducting  MRI  magnet,  which  will  allow  to  obtain  in  addition 
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to  the  hyperfine  splitting  a  precise  value  for  the  muon  magnetic  moment,  re¬ 
spectively  the  muon  mass.  The  experiment  uses  a  line  narrowing  technique  by 
observing  atoms  only  which  have  been  interacting  with  the  microwave  field  for 
a  time  interval  large  compared  to  the  muon  life  time.  Linewidth  of  about  one 
half  of  the  natural  linewidth  of  145  kHz  have  been  already  demonstrated  (Fig. 
5). 


1S-2S  Transition 

In  muonium  the  optical  1S-2S  two-photon  transition  is  of  particular  interest 
because  the  transition  offers  the  highest  resolution  of  all  possible  electromag¬ 
netic  transitions  and  hence  provides  for  sensitive  experimental  tests  of  the  the¬ 
ory.  The  experiment  was  performed  at  the  worldwide  brightest  pulsed  surface 
muon  source  at  the  Rutherford  Appleton  Laboratory,  RAL,  in  Chilton,  UK. 
Doppler-free  two-photon  absorption  was  employed  for  exciting  the  1^Si/2jF=1~ 
2^Si/2,F=1  transition  using  a  high  power  pulsed  laser  system.  The  population 
of  the  2S  state  was  probed  by  photo-ionization  with  a  third  photon  from  the 
same  laser  field.  The  slow  muon  released  in  the  process  was  observed  as  the 
signal  (Fig.  6)  for  a  two-photon  absorption  [26]. 

The  experiment  yielded  Ai^i5_25  =  2  455  529  002  (33)(46)  MHz  for  the  cen¬ 
troid  1S-2S  transition  frequency  in  agreement  with  theory  within  two  standard 
deviations  [27].  This  value  compares  well  with  an  independent  measurement 
at  an  earlier  stage  of  the  experiment  [28]  and  the  final  result  obtained  by  a 
Japanese- American  collaboration  at  KEK  [29].  The  accuracy  of  the  results 
quoted  above  as  well  as  the  transition  rate  are  limited  by  systematic  effects 
which  are  due  to  the  properties  of  the  pulsed  laser  system  (ac-Stark  effect  and 
and  rapid  changes  of  the  refractive  index  in  the  dye  solutions  of  the  laser  am¬ 
plifier). 

The  Lamb  shift  contribution  to  the  1S-2S  splitting  has  been  determined 
to  be  Auls  =  6  988  (33)(46)  MHz.  This  is  the  most  precise  experimental 
Lamb  shift  value  which  could  be  obtained  for  muonium  so  far.  The  present 
accuracy  is  of  the  size  of  the  71.6  MHz  difference  between  atomic  hydrogen 
and  muonium.  The  mass  of  the  positive  muon  has  been  determined  to  be 

=  105.658  80  (29)(43)  MeV/c  using  the  muonium-hydrogen  and  muonium- 
deuterium  isotope  shifts  in  the  resonance  signals.  It  is  about  one  order  of 
magnitude  less  precise  than  the  best  measurements  of  m^[30].  The  isotope 
shifts  were  obtained  by  measuring  the  1S-2S  two-photon  transition  signals 
in  the  same  apparatus.  The  experiment  may  alternatively  be  interpreted  as 
a  measurement  of  the  ratio  of  electric  charges  of  electron  (^e-)  ^nd  positive 
muon  (gp+ ).  Relying  in  the  correctness  of  the  QED  calculations  we  can  extract 
9/i+/^c-  —  -1  -  1.4(1. 2)-10~®.  This  test  of  the  ratio  of  charge  quantization  in 
the  first  two  lepton  generations  is  an  order  of  magnitude  more  precise  than 
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Figure  6:  The  number  of  slow  muons  observed  versus  the  laser  frequency  offset  from  the 
d4  line  in  Te2,  which  serves  as  frequency  reference  [26]. 

the  one  which  has  recently  been  extracted  from  the  muonmm  ground  state 
hyperfine  structure  splitting  [31]. 

Independent  studies  reveal  that  the  influence  of  systematic  line  shifts  can 
be  understood  and  controlled  to  allow  a  two-photon  transition  frequency  mea¬ 
surement  at  the  1  MHz  level  which  would  aUow  the  extraction  of  a  competitive 
muon  mass  value. 

Muonium  Spectroscopy  and  the  Anomalous  Magnetic  Moment 

of  the  Muon 

At  the  Brookhaven  National  Laboratory  ,BNL,  in  Upton,  USA,  a  precision 
storage  ring  is  being  set  up  for  a  precise  determination  of  the  muon  magnetic 
anomaly,  which  may  contain  contributions  from  physics  beyond  the  standard 
model  and  promises  a  clean  test  of  the  renormalizabiUty  of  electroweak  inter¬ 
action  [32).  1  1,  u 

The  spectroscopic  experiments  in  muonium,  the  ground  state  hypernne 

structure  splitting,  the  Zeeman  effect  in  the  ground  state  and  the  1S-2S  en¬ 
ergy  difference,  are  closely  inter-related  with  the  determination  of  the  muon 
magnetic  anomaly  through  the  relation  =  (1  d-  u^)  eA/(2m^c).  The 
results  from  all  experiments  establish  a  self  consistency  requirement  for  QED 
and  electroweak  theory  and  the  set  of  fundamental  constants  involved  as  m- 
dicated  in  Fig.  7.  In  this  context,  the  constants  are  the  most  strin¬ 

gently  tested  parameters.  The  only  necessary  external  input  are  the  hadronic 
corrections  to  which  can  be  obtained  from  a  measurement  of  the  ratio  of 
cross  sections  (e+e-  ,i+p-)/(e+e-  ^  hadrons).  Although,  in  principle,  the 

system  could  provide  the  relevant  electroweak  constants,  the  Fermi  coupling 
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Figure  7:  Relation  between  a  measurement  of  the  muon  anomalous  magnetic  moment  and 
spectroscopy  of  the  energy  levels  in  muonium. 


constant  (Gf)  and  the  weak  mixing  angle  (sin^  Ow)y  the  use  of  more  accurate 
values  from  independent  measurements  may  be  chosen  for  higher  sensitivity 
to  new  physics. 


Muonium  to  Antimuonium  Conversion 

A  spontaneous  conversion  of  muonium  atoms  into  antimuonium  atoms 
violates  separate  additive  muon  and  electron  number  conserva¬ 
tion.  The  process  is  not  provided  in  the  standard  model  of  the  electroweak 
interactions  as  are  other  lepton  flavour  violating  processes,  in  general.  How¬ 
ever,  in  many  speculative  theories,  which  try  to  extend  the  standard  model 
in  order  to  explain  some  of  its  features,  lepton  flavour  violation  appears  to  be 
natural.  M-M  conversion  is  particularly  allowed  in  some  left-right  symmetric 
models  [33]  and  supersymmetric  models  with  broken  R-parity  [34]. The  cou¬ 
pling  constant  G^m  effective  four  fermion  coupling  could  be  as  high  as 

the  present  experimental  Hmit.  Previous  experiments  found  <  0.13  •  Gf 

(90%  C.L.)  [35],  where  Gf  is  the  Fermi  coupling  constant  of  the  weak  interac¬ 
tion.  In  the  framework  of  minimal  left-right  symmetric  theory  a  lower  bound 
of  Gj^i^  >  7  •  10"^ GV  has  been  estimated  which  even  could  become  higher,  if 
the  present  limit  on  the  mass  of  the  muon  neutrino  could  be  lowered  [33]. 
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Figure  8:  MACS  -  The  spectrometer  was  built  at  PSI  to  search  for  a  spontaneous  conversion 
of  iimonium  into  antiinuonium  [36]. 

A  new  experiment  is  presently  carried  out  at  PSI  which  ultimately  aims 
for  an  improvement  of  the  experimental  sensitivity  to  the  couphng  constant 
by  two  orders  of  magnitude  over  the  present  value  [36].  It  utilizes  the  powerful 
signature  for  a  conversion  event  which  had  been  developed  at  LAMPF  [35] 
and  which  detects  both  constituents  (/i“,  e+)  of  the  antiatom  in  its  decay.  The 
experimental  setup  was  tested  for  the  first  time  in  1992  in  the  7rE3  beam  area  of 
PSI.  Within  24  hours  of  searching  for  antimuonium  decays  we  had  3.9(3)- 10^ 
muonium  atoms  in  the  interaction  region.  No  antimuonium  event  could  be 
observed.  Taking  into  account  correction  factors  representing  differences  in 
the  relevant  muonium  respectively  antimuonium  detection  efficiencies  (0.64), 
corrections  for  the  finite  observation  time  (0.85),  and  the  suppression  of  the 
M-M  conversion  in  an  external  magnetic  field  (0.35)  we  find  at  90%  confidence 
level  the  MM  conversion  probabihty  to  be  P^m  —  The  conversion 

probability  is  related  to  the  couphng  constant  through  [35,36] 


In  our  first  test  we  were  able  to  establish  a  new  experimental  limit  on  the 
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coupling  constant  of  =  0-1^  Gf  (90%C.L.).  This  value  is  a  sHght  im¬ 

provement  over  the  results  obtained  previously  [35]  and  confirms  them. 

Up  to  now  data  has  been  accumulated  for  approximately  400  hours  while 
searching  for  antimuonium.  Although  the  analysis  is  not  yet  completed  it 
is  known  already  that  the  sensitivity  to  the  conversion  probability  has  been 
improved  by  two  orders  of  magnitude.  Further  improvements  by  at  least  one 
order  of  magnitude  are  expected  within  the  next  two  years.  This  will  allow  to 
put  a  stringent  test  on  the  minimal  left-right  symmetric  model  predicting  a 
lower  limit  for  the  coupling  constant 

CONCLUSIONS 

The  exotic  systems  mentioned  in  this  article  represent  only  a  selected 
fraction  of  all  the  research  work,  both  experimental  and  theoretical,  that  is 
presently  carried  out  in  numerous  laboratories  worldwide.  They  proof  that 
atomic  physics  can  make  relevant  contributions  towards  a  better  understand¬ 
ing  of  fundamental  questions  in  physics.  Information  can  be  obtained  which 
is  complementary  to  the  results  in  nuclear  and  high  energy  particle  physics. 
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Experiments  with  Highly  Charged  Ions  up  to  Bare 
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Abstract.  An  overview  is  given  of  the  current  experimental  effort  to  investigate  the  level 
structure  of  highly  charged  ions  with  the  Livermore  electron  beam  ion  trap  (EBIT)  facility. 
The  facility  allows  the  production  and  study  of  virtually  any  ionization  state  of  any  element 
up  to  bare  Precision  spectroscopic  measurements  have  been  performed  for  a  range  of 
An  =  0  and  An  =  1  transitions.  Examples  involving  3-4  and  2-3  as  well  as  3-3  and  2-2 
transitions  in  uranium  ions  are  discussed  that  illustrated  some  of  the  measurement  and 
analysis  techniques  employed.  The  measurements  have  allowed  tests  of  calculations  of  the 
the  quantum  electrodynamical  contributions  to  the  transitions  energies  at  the  0,4%  level  in  a 
regime  where  (Za)  =  1 . 


I.  INTRODUCTION 


The  strong  nuclear  field  of  high-Z,  highly  charged  ions  provides  an  ideal 
environment  for  measuring  the  nonperturbative  aspects  of  QED  theory  where  (Za) 
~  1.  This  is  especially  true  for  the  contributions  from  the  electron  self-energy.  The 
self-energy  contribution  cannot  be  tested  in  muonic  atoms,  and  higher  order  terms 
in  (Za)  are  too  small  in  low-Z  multi-electron  ions  and  cannot  be  measured  relative 
to  the  size  of  the  uncertainties  in  solving  the  Schroedinger  equation. 

Highly  charged,  high-Z  ions  have  been  produced  in  a  variety  of  sources.  In 
tokamaks  and  high-power  laser-produced  plasmas  the  highest  attainable  charge  state 
of  uranium,  the  highest-Z  naturally  occuiring  element,  approaches  that  of  nickellike 
U64+  Yet  higher  charge  states,  have  been  produced  in  heavy-ion  accelerators,  as 
attested  by  two  recent  measurements  of  the  K-shell  transitions  in  hydrogenlike  and 
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heliumlike  uranium  [1,2].  While  accelerators  combined  with  storage-ring  facilities 
can  now  provide  virtually  any  ion  imaginable,  the  experimental  conditions  are  very 
challenging.  Ions  are  moving  at  relativistic  speeds,  and  there  typically  is  a  high- 
radiation  environment.  As  a  result,  only  two  other  spectroscopic  measurements  of 
very  highly  charged  uranium  ions  have  been  reported  apart  from  the  two 
measurements  already  mentioned.  These  are  the  measurements  of  the  2si/2-2pi/2 
energy  splittings  in  lithiumlike  11^9+  [3]  and  in  heliumlike  [4]. 

During  the  past  six  years  the  electron  beam  ion  trap  (EBIT)  has  been  operated 
as  a  spectroscopic  source  at  the  Lawrence  Livermore  National  Laboratory.  Like 
ion-beam  accelerator  facilities  it  also  is  able  to  produce  very  highly  charged  ions. 
This  included  ions  as  highly  charged  as  neonlike  U82+  [5].  Recently,  a  high- 
energy  version,  dubbed  Super-EBIT,  started  operation.  This  machine  has 
produced  ions  as  highly  charged  as  bare  11^2+  [6].  Unlike  accelerator  sources,  the 
ions  in  EBIT  are  stationary  and  trapped  in  the  space-charge  potential  of  the  electron 
beam.  Their  thermal  temperature  was  shown  to  be  less  than  a  few  hundred  eV  [7]. 
As  spectroscopic  sources  the  EBIT  devices  thus  use  the  inverse  of  the  accelerator- 
based  beam-foil  or  beam-gas  jet  technique.  Instead  of  a  stationary  electron  target 
interacting  with  relativistic  ions,  the  ions  in  EBIT  form  a  stationary  target  interacting 
with  a  relativistic  electron  beam.  Under  these  conditions,  “standard”  spectroscopic 
techniques  can  be  applied  to  measuring  the  emission  from  highly  charged  ions  [8], 
and  systematic  measurements  over  a  wide  range  of  ions  and  transitions  are 
possible. 

Experiments  on  EBIT  so  far  include  high-resolution  crystal  spectrometer 
measurements  of  the  x-ray  emission  from  M-shell  transitions  in  nickellike  U^+  and 
L-shell  transitions  in  neonlike  as  well  high-resolution  crystal  spectrometer 
measurements  of  3si/2-3p3/2  transitions  in  near  sodiumlike  and  of  2si/2-2p3/2 
transitions  in  near  heliumlike  uranium.  Moreover,  measurements  of  K- shell 
transitions  have  been  made  with  solid-state  detectors  that  prove  the  production  of 
hydrogenic  and  bare  uranium.  The  relatively  easy  access  to  highly  charged  ions 
and  the  precision  achieved  in  these  measurements,  which  rivals  and  exceeds  that  of 
other  sources,  indicates  that  experimental  atomic  physics  has  finally  entered  an  era, 
where  all  ions  of  all  elements  in  the  periodic  table  are  accessible  to  scrutiny. 

In  the  following,  we  present  an  overview  of  spectroscopic  measurements  of 
highly  charged  ions  using  the  EBIT  facility.  We  discuss  the  focus  of  our  current 
research  effort,  and  we  illustrate  some  of  the  measurements  and  analysis  techniques 
employed.  In  doing  so  we  use  experiments  involving  uranium  as  examples.  The 
range  of  elements  studied  on  EBIT,  however,  spans  virtually  all  elements  starting 
from  oxygen. 
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IL  THE  EBIT  DEVICE 

EBIT  uses  an  electron  beam  to  generate,  trap,  and  probe  very  highly  charged 
ions  [9].  The  ion  trap  is  kept  short  (<  4  cm)  to  minimize  instabilities,  which  might 
affect  the  electron  beam  and  reduce  the  maximum  achievable  charge  state.  The 
electron  beam  passing  through  the  trap  is  compressed  to  a  radius  of  about  30  pm  by 
a  3-T  magnetic  field  generated  by  a  pair  of  superconducting  Helmholtz  coils.  Six 
radial  slots  allow  direct  viewing  of  the  trapped  ions  in  a  plane  perpendicular  to  the 
electron  beam. 

Neutrals  or  ions  are  injected  into  the  trap  from  a  metal  vapor  arc  [10]  or 
through  a  gas  valve.  Typically,  the  trapping  region  contains  about  50,000  ions, 
i.e.,  the  ion  density  is  about  10^  cm-^.  By  contrast,  the  electron  density  is  around 
5x10^^  cm"^.  Hence,  the  trap  operates  in  a  low-collisional  regime,  and  metastable 
ions  do  not  affect  the  operation  under  most  circumstances. 

Because  collisions  with  the  electron  beam  results  in  the  heating  of  the  ions, 
light-ion  cooling  is  used  to  prevent  detrapping  of  heavy  ions  [11].  For  this  purpose 
a  low-Z  gas,  such  as  nitrogen,  is  introduced  to  the  trap  to  spoil  the  high  vacuum. 
Fully  stripped  nitrogen  or  neon  (Ne^^*^)  can  escape  the  trap  much  more 
readily  than,  for  example,  neonlike  uranium  (U82+),  As  light  ions  leave  the  trap, 
they  carry  away  heat  and  thus  prevent  the  build-up  of  ion  temperatures  sufficient  to 
detrap  heavy  ions.  Trapping  times  of  up  to  4  hours  were  observed  for  neonlike 
gold  with  light-ion  cooling  [12].  Without  cooling  the  observed  trapping  time  is 
only  a  few  seconds.  A  measurement  of  the  ion  temperature  was  performed  recently 
showing  that  temperature  at  least  as  low  as  100  eV  can  be  achieved  [7]. 

Super-EBIT  functions  almost  identically  to  EBIT.  However,  modifications  to 
the  electron  gun  and  collector  assembly  allow  the  use  of  electron  beams  with 
energies  exceeding  200  kV  [12]. 


III.  SPECTROSCOPIC  INSTRUMENTATION 

Because  EBIT  has  been  designed  as  an  x-ray  source,  instrumentation 
emphasizes  x-ray  detection  and  analysis.  Solid-state  detectors  provide  a  highly 
efficient  means  for  x-ray  observation  because  of  their  near  100%  quantum 
efficiency.  Efficiency  is  especially  important,  as  the  number  of  photons  produced 
in  EBIT  is  low  compared  to  plasma  or  beam-foil  sources.  Another  advantage  is 
their  wide  energy  coverage.  Crystal  spectrometers  provide  much  higher-spectral 
resolution  than  solid-state  detectors.  Their  counting  efficiency,  however,  is  greatly 
reduced  mainly  because  of  low  crystal  reflectivities. 
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Because  of  the  50-p.m  width  of  its  electron  beam  EBIT  represents  a  line 
source.  It  is  thus  well  suited  for  the  deployment  of  flat-crystal  spectrometers  in  the 
von  Hamos  geometry.  The  von  Hamos  geometry  provides  focusing  of  x  rays  in 
the  non-dispersive  direction.  Asa  result,  its  efficiency  surpasses  that  of  a  flat- 
crystal  spectrometer  [13],  and,  by  employing  large-radius  crystals,  very  high 
resolving  powers  can  be  attained.  Flat-crystal  spectrometers,  by  contrast,  are  easier 
to  operate  and  to  align  to  different  Bragg  angles.  A  flat-crystal  spectrometer  that 
operates  in  vacuo  was  installed  on  EBIT  just  recently  [14],  complementing  the  set 
of  von  Htoos-type  spectrometers  that  have  been  standard  for  many  years  [13]. 


IV.  MEASUREMENTS  OF  NEAR-NICKELLIKE  0^4+ 

The  n=4  n=3  M-shell  transitions  span  a  wide  energy  band  from  about  2.5  to 

4.5  keV  in  uranium.  A  survey  of  the  M-shell  emission  on  EBIT  was  made  with  a 
Si(Li)  detector  and  a  low-resolution  flat-crystal  spectrometer  by  DelGrande  et  al. 
[15].  Much  higher  resolution  was  achieved  in  subsequent  measurements.  In 
particular,  a  measurement  that  achieved  a  precision  of  80  ppm  enabled  the  first 
identification  of  magnetic  octupole  decay  in  an  atomic  system  [16]. 

The  first  excited  level  in  the  closed-shell  lithiumlike  ion,  the  level  ls2s  ^Si, 
decays  to  the  i So  ground  state  via  a  magnetic  dipole  transition  [17],  The  lowest 
excited  level  in  the  closed-shell  neonlike  ion,  the  level  3s  1/2)  j=2»  decays  to 

the  ground  state  via  a  magnetic  quadruple  transition  [18].  Similarly,  the  first 
excited  level  in  the  closed-shell  nickellike  ion,  the  level  4si/2)  j=3,  decays  to 

the  ^So  ground  state  via  a  magnetic  octupole  transition  [16].  A  high-resolution 
spectrometer  is  necessary  to  resolve  this  transition  from  neighboring  electric 
quadruple  transition  from  level  (3d^3/2  4s  1/2)  1=2  in  nickellike  as  illustrated  in 

Fig.  1.  Its  wavelength  was  measured  as  4.6103(3)  A;  that  of  the  neighboring 
electric  quadruple  transition  was  measured  to  be  4.6058(3)  A. 

In  Fig.  1  we  also  present  a  synthetic  spectrum  for  comparison  with  the 
measurements.  In  many  of  our  measurements  we  rely  on  such  calculations  to 
unambiguously  identify  observed  features.  The  synthetic  spectrum  was  constructed 
from  line  intensities  calculated  with  a  detailed  collisional-radiative  model  that 
incorporates  wave  functions,  energy  levels,  and  radiative  transitions  rates  calculated 
by  using  the  relativistic,  multi-configuration  parametric  potential  method  with  full 
configuration  interaction  [19].  The  collisional  excitation  rates  were  calculated  in  the 
distorted-wave  approximation.  For  this  an  efficient  technique,  which  performs  an 
angular  factorization  of  both  the  direct  and  exchange  contributions  to  excitation 
cross  sections  and  interpolates  the  necessary  radial  integrals  as  a  function  of 
threshold  energy  [20]  was  used.  The  resulting  model  includes  all  singly  excited 
levels  with  a  35"i,  3p'i,  or  core  and  an  optical  electron  in  the  rt=4  or  5  shell. 
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FIGURE  1.  (a)  Survey  spectrum  of  the  3-4  x-ray  transitions  in  the  low-energy  region 
from  near-nickellike  uranium  ions  obtained  at  an  electron-beam  energy  of  9.2  keV.  (b) 
Model  spectrum  which  includes  transitions  from  copperlike  11®^+  (uppercase  letters), 
nickellike  (lines  M3  and  E2),  and  cobaltlike  (lowercase  letters).  The  assumed 
charge  balance  Is  U63+:U®4+  =  1 :1 :1 .  (c)  High-resolution  spectrum  of  nickellike 

in  the  region  2660-2710  eV  recorded  at  an  electron-beam  energy  of  7.1  keV.  The 
E2.  and  M3  transitions  are  clearly  resolved.  Also  seen  is  an  electric  quadruple  transition  in 
copperlike  labeled  D  in  (b). 
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Level  populations  are  calculated  from  a  balance  of  all  radiative  transitions  and 
electron-impact  excitations  connecting  these  levels,  of  which  there  are  more  than 
40,000.  The  model  predicts  that  electron  collisions  do  not  affect  the  population  of 
these  excited  levels  for  electron  densities  below  about  10^^  cm'^.  Moreover,  the 
low-lying  excited  levels  are  not  populated  by  direct  electron-impact  excitation  from 
the  ground  state.  Instead,  they  are  populated  almost  exclusively  by  radiative 
cascades  form  higher  levels.  Direct  electron  collisions  contribute  to  the  excitation  of 
the  (3^5/2" M^)j=3  level,  for  example,  less  than  1%.  By  contrast,  radiative  cascade 
feeding  from  high-lying  levels,  involving  many  intermediate  levels,  is  highly 
effective  in  populating  the  7=3  level,  making  the  M3  line  the  sixth  most  intense  line 
in  the  nickel-like  M-5hell  spectrum. 


V.  MEASUREMENTS  OF  NEAR-NEONLIKE  U82+ 

The  n=3  n=2  L-shell  transitions  in  neonlike  are  situated  in  the  energy 

band  12-19  keV.  The  observation  of  such  transitions  thus  requires  spectrometers 
that  can  operate  efficiently  at  small  Bragg  angles. 

Recently,  we  have  implemented  a  von  Htoos-type  spectrometer  that  employed 
a  detector  with  high  quantum  efficiency  for  photon  energies  exceeding  10  keV  [21]. 
This  allowed  us,  for  example,  to  measure  the  electric  dipole  and  magnetic  quadruple 
transitions  from  levels  3si/2)  j=i  and  (2p53/2  3s  1/2)  to  ground, 

respectively,  as  shown  in  Fig.  2  (a).  These  lines  were  recorded  in  second  order 
Bragg  reflection.  The  wavelengths  of  these  lines  are  determined  relative  to  the 
wavelength  of  the  Lyman-a  lines  in  manganese  measured  in  first  order,  whose 
energies  are  given  by  Johnson  and  Soff  [22].  Similar  use  of  hydrogenic  reference 
lines  is  used  in  virtually  all  of  our  crystal- spectrometer  measurements.  A  spectrum 
of  the  manganese  transitions  is  shown  in  Fig.  2(b).  We  find  12,877.20(80)  eV  for 
the  electric  dipole  and  12,866.07(90)  eV  for  the  magnetic  quadruple  transition.  As 
the  comparisons  with  theoretical  values  in  Table  I  shows,  there  is  a  significant 
difference  with  relativistic  calculations  employing  a  multiconfiguration  Dirac-Fock 
(MCDF)  code  [23].  The  disagreement  might  be  caused  by  correlation  effects  as 
well  as  by  inaccurate  estimates  of  the  QED  terms  from  a  semi-empirical  scaling  of 
hydrogenic  values  [24].  We  discuss  these  possibilities  in  more  detail  in  the  next 
section. 

The  relative  contribution  of  QED  to  the  transition  energy  is  enhanced,  if  we 
study  3s~3p  transitions  instead  of  2p-3s  transitions.  Such  transitions  can  be 
studied  most  readily  in  charge  states  lower  than  neonlike,  especially  in  sodiumlike 
and  magnesium-like  ions.  With  the  help  of  many-body  perturbation  theory,  it  is 
now  possible  to  calculate  the  Dirac  energies  of  one-valence-electron  ions,  such  a 
sodium  like  ions,  with  very  high  precision  [25].  In  contrast  to  neonlike  ions, 
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FIGURE  2.  High-resolution  spectra  of  (a)  the  2p3/2-3si/2  transitions  in  neonlike  U®2+, 
recorded  in  second  order  Bragg  reflection,  and  (b)  of  the  associated  calibration  lines  in 
hydrogenic  recorded  in  first  order.  The  electric  dipole  (J=1)  and  magnetic 

quadruple  (J=2)  transitions  are  measured.  Unlabeled  features  are  from  lower  charge 
states. 
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TABLE  I.  Comparison  between  theoretical  and  experimental  energies  of  3s  2p 
transitions  in  neonlike  The  theoretical  values  were  obtained  with  a  multi- 

configurational  Dirac-Fock  (MCDF)  code  [23].  Eck)ulomb  is  the  relativistic  Coulomb  energy, 
Efireit  is  the  transverse  Breit  correction,  Evp  is  the  vacuum  polarization  energy,  Ese  is  the 
self-energy,  and  Etotal  is  the  sum  of  the  preceding  columns.  AE  is  defined  as  the 
difference  between  the  experimental  energies  Emeas  and  Etotal*  All  values  are  in  eV. 


Transitions 

ECoulomb 

Esreit 

Evp 

Ese 

Etotal 

Emeas 

AE 

(3si/2  2p3/2)J=l 

12897.8 

-4.4 

12872.0 

12877.2 

5.2±0.8 

(3s  1/2  ->  2p3/2)J=2 

12886.9 

4.4 

12860.1 

12866.1 

6.0±0.9 

where  the  calculated  Dirac  energies  are  not  yet  known  with  high  precision,  the  QED 
terms  in  sodiumlike  ions  can  be  isolated  from  the  non-QED  terms  and 
measurements  thus  directly  compared  to  QED  calculations  by  subtracting  off  the 
Dirac  energies. 

The  3si/2-3p3/2  transitions  in  high-Z  ions  fall  into  the  energy  region  from 
about  800  eV  for  lead  to  1 100  eV  for  uranium.  To  measure  such  low-energy 
transitions  vacuum  spectrometers  are  necessary.  We  have  recently  implemented 
such  a  spectrometer  on  EBIT  [14]  and  made  a  preliminary  measurement  of  the 
3si/2~3p3/2  transitions  in  near  sodiumlike  lead.  Tlie  result  is  shown  in  Fig.  3.  The 
spectrum  was  recorded  for  only  one  hour  of  observation  time,  but  clearly  showed 
features  from  sodiumlike,  magnesiumlike,  aluminumlike,  and  siliconlike  lead.  As 
in  the  case  of  the  luunium  M-shell  spectra,  a  detailed  collisional-radiative  model  was 
constructed  to  aid  in  the  analysis.  Results  from  an  energy  determination  of  the 
observed  lines  are  given  in  Table  II. 


TABLE  II.  Summary  of  measured  energies  of  3si/2-3p3/2  transitions  In  sodiumlike 
through  siliconlike  Pb  (in  eV).  Values  in  parentheses  indicate  the  uncertainty  in  the  last 
digit.  Theoretical  energies  are  from  MCDF  calculations  [23]. 


Key 

Ion 

Transition 

Emeasured 

emcdf 

Si 

Pb68+ 

(3si/23p^l/23p3/2)j=l->(3s^3p2)j=o 

806.87(16) 

806.93 

Al-1 

Pb®+  (3si/23pi/23p3/2)j=3/2^(3s^3pi/2)j=l/2 

803.16(31) 

803.37 

Al-2 

Pb69+  (3si/23pi/23p3/2)j=l/2-^(3s^3pi/2)j=l/2 

814.77(21) 

816.65 

Mg 

Pb™+ 

(3si/23p3/2)j=l->(3s2)j=o 

810.78(11) 

812.11 

Na 

Pb71+ 

3p3/2-^3si/2 

798.92(26) 

799.43 
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Despite  the  short  observation  time  our  measurement  is  already  comparable  in 
accuracy  to  a  much  more  elaborate  measurement  of  3-3  transitions  in  Na-like  Pb 
performed  on  the  Unilac  accelerator  facility  and  reported  very  recently  [26].  The 
Unilac  measurement  reported  798.65±0.13  eV  for  a  blend  of  the  Na-like  3s-3p 
transition  and  several  Ne-like  transitions,  which  is  in  agreement  with  our  value  of 
789.9210.26  eV.  The  QED  contributions  to  this  transition  are  calculated  to  be  6.46 
eV  [26]  so  our  measurement  represents  a  4%-test  of  these  calculations.  An 
extension  of  our  3-3  measurement  to  near- sodiumlike  uranium  ions  is  planned  for 
the  near  future. 


Wavelength  (A) 

FIGURE  3.  Spectrum  of  the  3si/2-3p3/2  transitions  in  sodiumlike,  magnesiumlike, 
aluminumlike,  and  siliconlike  lead,  Pb®®+“Pb^''+.  The  spectrum  was  recorded  during  a 
57-minute  interval  with  the  beam  energy  and  current  set  to  29  kV  and  140  mA, 
respectively. 
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VI.  MEASUREMENTS  OF  NEAR-HELIUMLIKE  U90+ 

QED  terms  scale  approximately  as  n"3.  where  n  is  the  principal  quantum 
number.  The  QED  contribution  to  a  transition  involving  a  4s  electron  in  near¬ 
nickellike  1)54+  is  about  3  eV,  while  it  is  about  6.5  eV  for  transitions  involving  a  3s 
electron,  about  42  eV  for  those  involving  a  2s  electron,  and  about  460  eV  for  K- 
shell  transitions.  As  a  percentage  of  the  transition  energy  QED  effects  are  largest 
for  A«  =  0  intrashell  transitions  in  the  n  =  2  shell.  Although  the  L-shell  QED 
energies  are  more  than  eight  times  smaller,  the  Dirac  energies  are  at  least  25-fold 
smaller  than  in  the  case  of  K-shell  transitions.  For  this  reason,  we  have  initially 
concentrated  on  measuring  n  =  2  ->  2  transitions  [27].  A  high-resolution  spectrum 
of  the  2si/2-2p3/2  transitions  in  lithiumlike  through  neonlike  jg  shown 
in  Fig.  4.  Nevertheless,  measurements  of  the  QED  contributions  to  the  uranium  Is 
electron  are  in  progress  [28]  and  promise  to  provide  very  high  precision  results. 

In  recording  the  2si/2-2p3/2  transitions  the  ionization  balance  in  the  trap  was 
varied  by  changing  the  electron  energy,  the  neutral  gas  density  (i.e.,  the  charge- 
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Figure  4.  Crystal-spectrometer  spectrum  of  the  2si/2-2p3/2  electric  dipole  transitions  in 
through  Lines  are  labeled  by  the  charge  state  of  the  emitting  ion. 
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exchange  recombination  rate),  and  the  effective  current  density  [27].  This  allowed 
a  study  of  the  full  range  of  charge  states  from  U82+  to  U89+.  The  beam  energies 
used  were  well  above  the  33-keV  ionization  potential  of  lithiumlike  and  below 
the  130-keV  ionization  potential  of  heliumlike  As  a  result,  we  observed  and 
unequivocally  identified  the  features  produced  by  all  thirteen  2si/2-2p3/2  electric 
dipole  transitions  from  the  eight  ionization  stages  through  that  were 
predicted  to  fall  in  our  spectral  region  [27]. 

From  these  measurements  we  determined  4459.37+0.35  eV  for  the  2si/2-2p3/2 
transitions  in  lithiumlike  U89+  with  a  90%  confidence  level  [27].  More  recently, 
we  measured  the  2si/2-2p3/2  transition  in  lithiumlike  Th87+  through  neonlike 
Th80+  [29].  Here,  the  2si/2  -2p3/2  transitions  in  lithiumlike  Th87+  was  determined 
to  be  4025.14±0.14  eV  at  a  1-a  confidence  level. 

The  measurements  of  lithiumlike  11^9+  and  Th87+  are  in  excellent  agreement 
with  recent  ab  initio  calculations  of  the  QED  energies  [30]  and  represent  a  check  of 
these  calculations  at  the  0.4%  level,  i.e.,  a  check  with  10-times  higher  accuracy 


Figure  5.  Difference  between  theory  and  experiment  for  the  2si/2-2p3/2  transition 
energy  in  the  llthlumllke  Isoelectronic  sequence  expressed  as  a  percentage  of  the 
theoretical  QED  energy.  The  thorium  and  uranium  points  are  from  SuperEBIT  and 
represent  68%  confidence  limits. 
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than  that  achieved  in  the  3-3  measurements.  The  agreement  with  theory  is 
illustrated  in  Fig.  5,  where  we  have  plotted  the  fractional  difference  between 
measured  and  calculated  QED  contributions  to  the  2si/2-2p3/2  transitions  in 
lithiumliJke  ions. 

The  2si/2-2p3/2  transition  measurements  in  berylliumlike  through 
neonlike  11^^+  allows  us  to  test  relativistic  correlation  energies  and  QED 
calculations  in  highly  charged  ions  with  more  than  one  valence  electron. 
Comparing  our  measured  transition  energies  to  values  computed  with  standard 
multi-configuration  Dirac-Fock  (MCDF)  calculations,  we  find  that  such  calculations 
significantly  overestimate  the  transition  energies,  as  illustrated  in  Fig.  6.  The 
discrepancy  increased  with  the  number  of  spectator  electrons  in  the  «  =  2  shell  and 
can  be  attributed  to  residual  correlation  energies  unaccounted  for  by  the  atomic 
structure  calculations.  This  is  true  for  both  measurements  thorium  and  uranium. 
Recently,  efforts  have  been  initiated  that  attempt  to  apply  the  principles  of  many- 
body  perturbation  theory  to  the  calculations  of  the  Dirac  energies  of  such  systems 
with  more  than  one  valence  electron  [31].  If  successful,  the  Dirac  energies  of  ions 
with  more  than  one  valence  electron  can  be  calculated  with  a  precision  now  reserved 
for  ions  with  a  single  valence  electron.  This  would  enable  isolating  the  QED 
contributions  and  the  development  and  testing  of  ab  initio  calculations  of  the  QED 
terms  for  such  ions. 


Figure  6.  Average  difference  between  MCDF  calculations  and  measured  2-2  transition 
energies  for  different  charge  states  of  thorium  and  uranium.  The  difference  increases  for 
the  lower  charge  states  due  to  difficulties  in  calculating  the  electron  correlation  terms. 
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VII.  CONCLUSION 

A  vigorous,  world-wide  effort  is  currently  under  way  to  perform  precise 
measurements  of  the  atomic  structure  of  highly  charged,  high-Z  ions.  At  the 
Livermore  EBIT  facility  this  effort  ranges  from  crystal-spectrometer  measurements 
of  near  nickellike  U^'*'  to  measurements  of  the  Is-binding  energy  of  hydrogenic 
U9l+^  The  large  number  of  measurements  in  turn  have  spurred  the  development  of 
formalisms  to  accurately  calculate  the  Dirac  and  QED  energies  of  any  type  of  highly 
charged  high-Z  ion.  In  many  cases,  such  calculations  were  impossible  and 
unneeded  just  a  few  years  ago. 

In  the  case  of  those  ions  with  one  valence  electron  the  measurements  have 
provided  precise  values  of  the  electron  self-energy  contribution  to  the  level 
energies.  Tests  on  the  0.4-%  level  of  the  total  QED  contribution  were  possible  in  a 
regime  where  (Za)  ~  1. 

While  our  discussion  so  far  has  focused  on  measurements  of  atomic  structure, 
experiments  have  also  been  performed  that  centered  on  others  aspects  of  atomic 
physics.  These  included  the  measurement  of  the  Is-ionization  cross  sections  of 
heliumlike  and  hydrogenic  which  were  found  to  be  twice  the  size 

predicted  by  recent  theory  [6],  and  the  first  observation  of  quantum  interference  of 
radiative  and  dielectronic  recombination  in  berylliumlike  and  boronlike 
[31].  These  measurements  demonstrate  that  experiments  involving  very  highly 
charged  ions  are  merely  in  their  infancy  and  much  work  needs  to  be  done. 
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Abstract  Precision  measurements  of  excited-state  lifetimes  play  important 
roles  in  many  areas  of  physics.  Measurements  of  atomic  lifetimes  are  used  to 
determine  fundamental  interaction  parameters,  test  atomic  and  molecular  theory, 
and  place  constraints  on  models  of  stellar  evolution  and  big-bang 
nucleosynthesis.  A  variety  of  techniques  for  measuring  atomic  and  molecular 
lifetimes  are  presented  along  with  a  discussion  of  associated  systematic  effects. 
A  comparison  is  made  between  experimental  and  theoretical  results  for  a  variety 
of  alkali  and  alkali-like  systems.  Lifetime  measurements  in  cesium  are  used  to 
test  atomic- structure  calculations  necessary  for  the  interpretation  of  parity 
nonconservation  experiments. 


INTRODUCTION 

A  large  body  of  experimental  work  has  been  performed  measuring 
lifetimes  of  excited  states  in  a  variety  of  atomic  and  molecular  systems. 
Throughout  all  fields  of  physics,  lifetime  measurements  in  general  provide 
fundamental  information  about  interactions  and/or  initial  and  final  state  wave 
functions.  A  variety  of  motivations  and  techniques  for  measuring  atomic  and 
molecular  lifetimes  is  represented  by  the  contributed  papers  at  this  conference. 

Astrophysical  motivations  include  the  need  for  accurate  oscillator 
strengths  (or  f- values)  for  interpreting  interstellar  and  stellar  spectroscopic  data  at 
the  1%  level.  Often  relative  values  of  oscillator  strengths  are  known  precisely, 
but  for  interpretation  of  the  data  absolute  values  are  needed.  One  of  the  most 
accurate  methods  for  normalizing  the  relative  measurements  uses  precisely  and 
accurately  determined  atomic  lifetimes.  The  work  presented  by  Bergeson  and 
Lawler  addresses  these  needs  in  the  UV  and  VUV  spectral  regions  [1].  The 
applications  of  lifetimes  to  the  interpretation  of  data  in  plasma  research  and 
geophysics  are  similar.  The  work  of  Hutton  et  al  also  falls  into  this  category 
where  they  have  measured  lifetimes  of  highly  charged  Na-like  Nb  [2].  Escalante 
et  al  calculate  transition  rates  in  atomic  oxygen  and  apply  their  results  to  the 
interpretation  of  nightglow  in  the  earth's  atmosphere  [3]. 

Tests  of  atomic  and  molecular  theory  require  comparison  with 
experimental  data.  Because  of  the  sophistication  of  current  calculational 
techniques  [4],  the  necessary  experimental  precision  for  atomic  lifetimes  is  often 
below  the  one-percent  level.  The  theoretical  work  presented  by  Olsen  et  al 
addresses  the  difficulty  of  finding  agreement  for  both  transition  energies  and 
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oscillator  strengths  [5]  in  the  same  calculation.  Plante  et  al.  present  calculations 
of  oscillator  strengths  and  transition  rates  in  helium  like  ions  [6]  and  comparisons 
are  made  with  experiments.  In  the  contributed  work  by  Biemont  et  al, 
calculations  of  lifetimes  in  CII,  Nil,  NIII  are  compared  to  experimental  results  and 
are  in  good  agreement  [7].  Liaw  performed  ab  initio  calculations  of  4p  2p  state 
lifetimes  in  Ca+  [8]  and  found  agreement  with  recent  experimental  work  of  Jin 
and  Church  [9]  at  the  1%  level.  Molecular  theory  is  also  being  challenged  by  the 
experimental  work  of  Ray  and  Lafyatis  [10]  who  have  measured  lifetimes  of 
excited  states  in  H2,  the  simplest  molecule. 

My  own  research  interests  involve  precision  measurements  [11,  12] 
necessary  for  the  interpretation  of  parity  nonconservation  experiments  (PNC). 
Interpretation  of  atomic  PNC  experiments  in  all  elements  requires  accurate 
knowledge  of  associated  transition  matrix  elements.  The  accuracy  of  atomic 
theory  used  for  this  purpose  is  dependent  upon  comparisons  with  experimentally 
measured  transition  amplitudes  and  hyperfine  structure.  Neutral  alkali  systems 
have  been  the  atoms  of  choice  for  many  PNC  experiments  because  of  their 
calculational  simplicity.  Precise  lifetime  measurements  in  alkali  and  alkali-like 
systems  can  provide  information  important  to  further  theoretical  development. 
Many  experimental  techniques  have  been  applied  to  lifetime  measurements  of  the 
same  state  in  the  neutral  alkalis  lithium  and  cesium,  and  some  experimental 
results  are  compared  below.  The  most  precise  measurements  in  lithium  and 
cesium  are  compared  with  recent  atomic  structure  calculations.  These  two  atoms 
represent  one  of  simplest  and  one  of  most  complex  alkali  systems  for  evaluating 
the  calculational  capabilities  of  atomic  theory  applied  to  many  electron  systems. 


MANIFESTATIONS  OF  A  FINITE  LIFETIME 

The  experimental  techniques  used  to  measure  the  lifetimes  of  excited 
atomic  states  can  be  classified  by  how  the  lifetime  is  manifest,  examples  of  which 
are  discussed  below  in  turn.  Many  of  these  techniques  can  be  applied  to  both 
atoms  and  molecules.  In  some  cases,  as  for  high  ionization  states,  only  beam-foil 
techniques  are  used  extensively.  A  number  of  experimental  techniques  are 
described  briefly  along  with  some  of  the  systematic  effects  peculiar  to  each.  More 
detailed  explanations  of  these  techniques  can  be  found  in  the  excellent  review 
article  by  Imhof  and  Read  [13].  For  comparing  experimental  and  theoretical 
results,  the  relevant  formulas  are  given  below. 


Exponential  Decay 

There  is  a  characteristic  exponential  decay  of  population,  N,  for  a  single 
excited  state  with  a  finite  lifetime.  The  population  as  a  function  of  time,  t,  is 
given  by  Equation  1,  where  x  is  the  lifetime. 


N(t)=Noe-^^  (1) 

Many  of  the  atomic  lifetime  experiments  performed  in  recent  years  have  been 
designed  to  generate  a  population  in  an  excited  state  and  then  time-resolve  the 
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exponential  decay  of  this  population.  These  experiments  typically  involve 
allowed  decays  with  lifetimes  from  fractions  of  a  nanosecond  to  several 
microseconds  and  tend  to  fall  into  two  classes. 

In  one  class  of  experiments,  the  atoms  or  molecules  being  studied  are 
"at  rest"  in  the  laboratory,  and  the  delayed  coincidence  between  excitation  and 
emission  is  observed.  The  excited  state  can  be  populated  by  pulsed  excitation  or 
by  cascade  from  another  excited  state.  Pulsed  excitation  may  be  accomplished 
with  a  variety  of  techniques  including  pulsed  lasers  or  pulsed  electron  beams.  A 
single  decay  is  often  observed  by  detecting  the  emission  of  a  photon,  and  the  time 
delay  between  excitation  and  emission  is  resolved  electronically.  The  process  is 
repeated  to  obtain  an  exponential  distribution  of  times.  DeVoe  and  Brewer  have 
recently  applied  this  technique  to  the  lifetime  of  the  62Pi/2  state  of  Ba+  in  an  ion 
trap  [14].  Similarly,  if  the  state  under  study  is  populated  by  cascade,  then  the  time 
delayed  coincidence  between  the  emission  of  the  cascade  photon  and  the  decay 
photon  is  measured.  Photomultiplier  tubes  are  typically  used  as  single  photon 
detectors.  These  time  resolved  techniques  have  some  sources  of  uncertainty  in 
common  such  as  calibration  and  linearity  of  the  time  scale.  Calibration  usually 
entails  detailed  evaluation  of  fast-coincidence  electronics  including  a  time-to- 
amplitude  converter  and  pulse  height  analyzer.  Extracting  a  decay  constant  from 
the  observed  coincidence  spectrum  may  involve  deconvoluting  the  spectrum  with 
an  instrument  response  function.  With  pulsed  electron  excitation,  the  selectivity 
of  the  excited  level  is  limited  allowing  cascades  from  unwanted  levels  to 
contribute.  With  laser  excitation,  the  selectivity  of  the  excited  state  is  much 
improved  and  cascading  is  eliminated.  However,  high  peak-power  short-pulsed 
lasers  can  introduce  other  problems.  The  high  power  introduces  scattered  light 
leading  to  large  signals  at  short  times  that  can  produce  nonlinearities  in  the 
detectors.  In  cascade  delayed  coincidence  experiments,  signal  rates  are  rnuch 
lower,  but  scattered  light  is  typically  very  low  and  can  be  filtered  away.  In  either 
case,  often  the  sample  under  study  is  contained  in  a  fluorescence  cell  or  thermal 
beam  at  densities  where  quenching  collisions  and  radiation  trapping  rnay  become 
apparent.  A  thermal  velocity  distribution  can  also  limit  the  selectivity  of  laser 
excitation. 

In  a  second  class  of  experiments,  ions  are  accelerated  into  a  beam  and 
velocity  selected.  The  ions  can  be  neutralized  by  charge  exchange,  if  desired. 
The  excitation  takes  place  during  passage  through  a  foil,  gas  target,  or  laser  beam. 
The  exponential  decay  is  observed  by  detecting  the  number  of  photons  emitted  as 
a  function  of  position,  and  the  speed  is  used  to  convert  the  distance  scale  to  a  time 
scale.  In  these  fast-beam  experiments,  the  time  scale  is  determined  by  the 
precision  of  the  position  and  velocity  measurements.  Ion  beam  experiments  have 
their  own  set  of  peculiarities.  Variation  in  ion-beam  current  is  a  typical  problem. 
Excitation  of  residual  gas  in  the  vacuum  system  leads  to  an  observable 
background.  Beam-foil  excitation  is  a  widely  used  and  versatile  technique  and 
may  be  the  only  means  available  to  excite  very  highly-ionized  systems.  However, 
the  nonselective  excitation  from  a  foil  or  gas  target  can  induce  cascades  from 
unwanted  excited  states.  Curtis  et  al  have  reported  a  technique  that  can  eliminate 
cascade  effects  in  some  cases  [15].  In  a  contributed  paper,  Pinnington  and 
Berends  present  a  new  technique  for  eliminating  cascades  which  uses  laser 
excitation  from  metastable  levels  [16].  Foil  excitation  can  increase  the  angular 
divergence  of  the  ion  beam  possibly  changing  light  collection  efficiency  as  a 
function  of  position.  The  narrow  velocity  distribution  and  low  density  in  a  fast 
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beam  are  advantages  that  minimize  unwanted  collisional  and  radiation-trapping 
effects.  Laser  excitation  of  a  fast  beam  offers  additional  advantages  including 
selectivity  of  excitation,  high  signal  rates  due  to  large  excited  state  populations, 
and  elimination  of  cascades.  However,  lasers  tend  to  increase  scattered  light. 

In  both  pulsed-laser  excitation  and  fast-beam  laser  experiments,  the  finite 
excitation  time  transforms  into  a  spread  in  excitation  energy  leading  to  coherent 
excitation  of  closely  spaced  energy  levels.  The  coherence  introduces  the 
possibility  of  quantum  beats  that  can  cause  systematic  shifts  in  the  measurements. 
Quantum  beats  between  coherently  populated  hyperfine  levels  can  be  suppressed 
by  carefully  selecting  observation  angles  and  polarizations.  Residual  magnetic 
fields  cause  quantum  beats  between  magnetic  sublevels,  but  these  can  be 
minimized  by  shielding  or  cancellation  of  fields  and  selecting  observation  angles 
and  polarizations. 


Decay  Rate 

The  lifetime  may  also  be  determined  by  observing  the  decay  rate  of  an 
excited-state  population.  For  states  that  have  a  lifetime  much  longer  than  a 
typical  observation  time,  the  rate  of  decay  can  be  observed  by  generating  a  known 
number  of  excited  states  then  detecting  the  number  of  decays  in  an  interval  of 
time  short  compared  to  the  lifetime. 

^=-iN(t).  (2) 

This  approach  is  often  used  for  measuring  half-lives  of  radioactive  nuclei  and 
particles,  but  is  not  typically  applied  to  allowed  atomic  decays  where  lifetimes  are 
on  the  order  of  10'^  s.  Long  lived  or  metastable  atomic  states  with  time  constants 
on  the  order  of  seconds  or  more  can  be  measured  this  way.  Experiments  in  this 
category  have  their  own  particular  systemic  uncertainties.  The  total  number,  N,  of 
excited  atoms  must  be  determined.  When  emission  is  observed,  the  solid  angle  of 
the  collection  optics  and  detector  efficiencies  must  be  determined.  For  long 
lifetimes,  focused  collection  optics  can  skew  the  measurement  of  a  time  constant 
when  atoms  or  molecules  pass  out  of  the  field  of  view  during  an  observation.  In  a 
recent  example  of  this  approach,  laser  cooled  and  trapped  Xenon  atoms  were  used 
to  measure  the  metastable  6s  [3/2]  2  state  lifetime.  Walhout  et  al.  [17]  measured 
the  43  s  lifetime  by  observing  the  rate  of  photons  emitted  into  a  known  solid  angle 
from  a  sample  of  cold  trapped  atoms.  A  discrepancy  between  experiment  and 
theory  was  found  to  be  more  than  a  factor  of  two,  thus  stimulating  additional 
theoretical  work. 


Finite  Line  Width 

The  finite  Lorentzian  line  width  of  a  resonance  transition.  Equation  3,  is 
another  signature  of  the  finite  lifetime  of  an  excited  state.  The  excitation  and 
resonance  frequencies  in  radians  are  coyand  coq.  respectively. 
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- 1 - ,  r=i.  (3) 

((Oy-coo)2+(r/2)^ 

The  level  crossing  technique  is  a  well  known  method  for  determining  the  width  of 
an  atomic  resonance.  In  this  technique,  two  excited  state  hyperfine  levels  are 
forced  to  cross  by  the  application  of  an  external  field,  usually  a  magnetic  field  but 
can  be  an  electric  field  or  sometimes  both.  The  atoms  are  excited  by  photon 
absorption  from  the  ground  state,  then  the  intensity  or  polarization  of  emitted  light 
is  observed  as  a  function  of  field  strength.  The  observed  emission  as  a  function  of 
field  can  be  related  back  to  the  energy  width  of  the  crossing  levels.  The  level 
crossing  technique  is  generally  not  used  for  molecules  because  of  the  large 
number  of  closely  spaced  levels.  The  Hanle  effect  is  often  referred  to  as  a  zero- 
field  level-crossing  technique  because  similar  emission  features  are  observed  as 
an  applied  magnetic  field  is  scanned  through  zero.  In  the  Hanle  effect,  atoms  or 
molecules  are  polarized  in  the  excited  state  such  that  the  excited  sample  has  a 
finite  magnetic  moment  that  precesses  in  the  field.  By  observing  the  decay  of  the 
polarization,  one  can  determine  the  exponential  decay  constant  relative  to  the 
precession  rate.  The  Hanle  effect  and  level  crossing  techniques  are  usually 
applied  to  the  measurement  of  lifetimes  from  nanoseconds  to  microseconds,  and 
are  subject  to  a  variety  of  similar  uncertainties.  Optical  and  field  alignments  are 
important.  Accurate  field  calibration  and  homogeneity  is  necessary.  Systematic 
uncertainties  can  arise  from  the  sensitivity  of  detectors  to  magnetic  fields, 
admixtures  from  unwanted  states,  the  spectral  distribution  of  the  exciting  light, 
and  optical  pumping.  The  samples  are  usually  neutral  atomic  species  contained  in 
cells  where  radiation  trapping,  collisional  de-excitation,  and  wall  collisions  can 
affect  the  measurement  of  lifetimes. 

A  completely  new  approach  for  directly  observing  the  Lorentzian 
lineshape  of  an  atomic  transition  is  made  possible  by  recent  developments  in 
capabilities  for  cooling  atomic  velocities  and  stabilizing  lasers.  Otes  et  al  [18] 
are  presently  using  a  stabilized  laser  to  scan  the  Na  3s  ^Si/2-»3p  2P3/2  resonance 
line  shape  of  laser  cooled  Na  atoms. 


Phase  Shift 

A  lifetime  can  also  be  revealed  by  what  is  known  as  the  phase  shift 
technique.  In  the  presence  of  a  modulated  excitation  rate,  R,  for  populating  an 
excited  state,  there  is  a  phase  shift  between  the  population  of  the  excited  state,  N, 
and  the  modulation  imposed  on  the  excitation.  The  origin  of  the  shift  is  illustrated 
by  the  solution  to  the  following  differential  equation  for  a  sinusoidal  modulation. 

^=_N+Rei®mt,  (4) 

dt  ^ 

The  steady  state  solution.  Equation  5,  exhibits  a  similar  modulation  on  the  excited 
state  population  with  a  phase  shifted  relative  to  that  of  the  excitation  process.  The 
intensity  of  emitted  light  follows  the  population  of  the  excited  state.  Thus  the 
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shift  is  usually  measured  by  observing  the  relative  phase  between  the  modulation 
that  appears  on  the  emitted  light  and  that  of  the  excitation. 


N(t)  = 


R  e^^^ 
l/x  +  icOj^  ’ 


(5) 


Maximum  sensitivity  is  achieved  when  the  modulation  frequency  is  chosen  to 
give  a  phase  shift  of  45^,  Excitation  can  be  achieved  optically  or  by  electron 
impact.  With  optical  excitation  the  phase  shift  can  be  measured  in  an 
interferometer  with  equal  optical  path  lengths.  Electron  excitation  is  far  less 
selective,  and  observations  of  transitions  with  known  lifetimes  must  be  used  for 
calibration.  Early  optical  experiments  were  performed  with  lamps  and  Kerr  cells 
for  modulation.  These  have  been  replaced  by  lasers  and  a  variety  of  more 
sophisticated  modulation  techniques  including  Pockel  cells,  and  acousto-optic  and 
electro-optic  modulators.  The  phase  shift  technique  has  been  used  to  measure 
lifetimes  in  neutral  atoms  and  molecules.  Typically,  thermal  beams  and  vapor 
cells  are  used  so  collisional  de-excitation  and  radiation  trapping  must  be 
considered.  There  has  not  been  much  recent  work  using  the  phase  shift  technique, 
but  with  improved  techniques  in  laser  stabilization  and  modulation  there  is 
potential  for  greater  precision  than  has  been  achieved  in  past  experiments. 


Comparing  Experimental  Measurements  with 
Theoretical  Calculations 

The  "A"  coefficient  describing  spontaneous  emission  of  a  photon  from  an 
excited  atomic  or  molecular  state  can  be  derived  quantum  mechanically.  First 
order  time  dependent  perturbation  theory  gives  the  following  result  for  the 
transition  probability  per  unit  time. 


W  =  f  |(F|Hj^|I)Pp(E).  (6) 

In  the  case  of  a  single  final  state,  the  transition  rate  is  simply  related  to  a  single 
matrix  element  involving  the  initial  and  final  state  wave  functions  and  an 
interaction  Hamiltonian.  In  particle  physics,  one  often  knows  the  initial  and  final 
state  wave  functions  and  a  measurement  of  a  lifetime  yields  information  about  the 
interaction.  For  example,  the  muon  lifetime  is  known  most  precisely  to  two  parts 
in  10^  [19]  and  is  used  to  determine  the  value  of  the  Fermi  coupling  constant  of 
weak  interactions.  In  atomic  physics,  the  electromagnetic  Hamiltonian  is  known 
very  well  [20],  and  the  precision  measurement  of  a  lifetime  yields  information 
about  the  initial  and  final  state  wave  functions.  The  electromagnetic  interaction 
can  be  expanded  in  multipole  moments  representing  decreasing  transition  rates. 


^INT  -  “3"  ^•P  -  ^E1  ^M1  ^E2  ^M2  • 


(7) 
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Most  of  the  examples  discussed  in  this  paper  are  of  transitions  due  to  the  electric 
dipole  (El)  interaction.  However,  the  previously  mentioned  work  of  Walhout  et 
al  was  concerned  with  an  allowed  magnetic  quadrupole  (M2)  transition  [17]. 

The  A  coefficient  for  photon  emission  is  derived  from  Equations  6  and  7 
after  performing  the  appropriate  integrals  over  the  photon  density  of  states.  For 
an  El  transition,  the  A  coefficient  is  proportional  to  the  square  of  a  single  radial 
matrix  element.  The  results  of  theoretical  work  are  commonly  presented  as 
calculations  of  reduced  matrix  elements  that  can  be  converted  to  an  A  coefficient 
through  the  following  formula. 


’L’J'^nU 


=  la 


(Oo3  |(nU||r|ln'LT>|- 


2J'+1 


length 


(8) 


'“'^'3  “72 


(Oq  |(nLJ||p/m||n’L'J')|^ 
2J+1 


velocity 


(9) 


Also  shown  is  the  velocity  form  of  the  dipole  interaction.  As  an  initial  test  of  the 
quality  of  calculated  wave  functions,  two  forms  of  the  interaction  are  usually 
calculated.  The  length  and  velocity  forms  of  the  matrix  elements  are  related  by  a 
commutation  relation  and  should  yield  identical  results  if  the  theory  is  exact. 
Some  authors  quote  their  results  in  terms  of  a  line  strength  or  an  oscillator 
strength  (f- value).  The  following  formulae  are  given  so  that  one  can  convert 
easily  from  one  form  to  another. 


Line  Strength 


’nL'J'-MJ 


|(nLJ||r||n'LT)|- 


Oscillator  Strength 


2 


1 

2J+1 


(10) 

(11) 


In  the  case  of  multiple  final  states,  the  inverse  lifetime  of  the  excited  state  is  the 
sum  of  the  A  coefficients  involved.  The  cases  discussed  in  the  remainder  of  this 
paper  are  for  an  excited  state  decaying  to  a  single  final  state  where  the  reciprocal 
lifetime  is  equal  to  a  single  A  coefficient.  The  following  expressions  are  used  for 
comparing  theory  to  experiment. 


Lifetime  in  terms  of  a  reduced  matrix  element  or  line  strength: 


i 

'^nLT^nU 


|{nU||r|ln'LT)|' 


(12) 


2J'+1 
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Lifetime  in  terms  of  an  oscillator  strength: 

i  =/2(2x)2a2ca^\-Lmf  (13) 

^n’LT^nU  V.  J  j2  2S+1 

Throughout  this  section,  is  the  atomic  unit  of  length  and  e^/a^  is  the  atomic 
unit  of  energy,  fi  is  Plank's  constant,  a  is  the  fine  structure  constant,  and  c  is  the 
speed  of  light.  X  and  coo  are  the  transition  wavelength  and  frequency,  respectively. 


MEASUREMENTS  OF  Li  2p  3/2  STATE  LIFETIMES 


The  lithium  2p  state  is  presented  here  as  an  example  of  an  atomic  lifetime 
that  plays  an  important  role  in  the  interpretation  of  astrophysical  data,  as  a  notable 
achievement  in  precision  measurements  of  atomic  lifetimes,  and  as  a  test  of 
atomic  and  molecular  calculations.  In  astrophysics,  stellar  surface  abundances  of 
lithium  are  determined  relative  to  that  of  hydrogen  by  observing  the  emission 
spectra  of  stars.  The  data  is  interpreted  using  the  oscillator  strength  for  the 
lithium  2s-2p  transition  at  670  nm.  Since  the  2p  ^Pi/2, 3/2  states  have  only  a  single 
decay  mode,  the  determination  of  lithium  abundances  depends  directly  on  the 
accepted  value  of  the  2p  lifetime.  In  recent  studies  of  stars  in  the  Hyades  cluster 
[21],  the  authors  emphasize  the  importance  of  lithium  abundances  in  models  of 
stellar  evolution,  in  determining  the  primordial  lithium  abundance,  and  in 
understanding  big-bang  nucleosynthesis. 

The  2p  lifetime  of  neutral  lithium  has  been  studied  by  a  variety  of 
experimental  techniques,  as  presented  in  Figure  1 .  Most  authors  have  measured 
the  2p  2p3/2  lifetime  whereas  Gaupp  etal.  measured  the  2p  2Pi/2  lifetime. 
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Figure  1.  The  experimental  measurements  of  the  2p  state  lifetime  in  atomic  lithium  represent  a 
wide  cross  section  of  the  established  techniques.  References  [22-30]. 
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Since  the  transition  energies  and  matrix  elements  for  these  two  fine  structure 
states  are  so  similar,  the  difference  in  their  lifetimes  is  less  than  three  parts  in  10^. 
The  most  striking  result  shown  is  the  measurement  by  Gaupp  et  al  [22]  with  an 
exceptional  precision  of  0.15%  using  laser  excitation  of  a  fast  atomic  beam.  A 
more  recent  pulsed-laser  delayed-coincidence  experiment  by  Carlsson  et  al  [23] 
agrees  with  Reference  [22]  but  only  reaches  a  precision  of  0.7%. 

An  important  role  of  lifetime  measurements  is  to  provide  a  means  for 
testing  atomic  structure  calculations.  Alkali  atoms  with  a  single  electron  outside 
of  a  closed  shell  provide  some  of  the  simplest  open  shell  systems  for  comparison 
between  experiment  and  theory.  The  allowed  electric  dipole  transitions  from  the 
lowest  lying  ^Pi/2  3/2  states  to  the  ^Si/2  ground  state  in  alkali-like  systems  each 
depend  on  a  single  radial  matrix  element  that  is  sensitive  to  the  behavior  of  the 
electron  wave  function  far  from  the  nucleus.  Core  correlation  and  polarization 
effects  have  a  strong  influence  on  radial  matrix  elements  in  these  cases.  Precision 
measurements  of  lifetimes  in  these  systems  can  guide  further  theoretical 
development  by  testing  the  wave  functions  at  large  radii.  In  the  lithiurn  atom, 
core  correlation  effects  can  be  calculated  in  the  framework  of  a  variety  of 
theoretical  approaches.  In  alkali  systems  with  more  electrons,  the  correlation 
effects  are  larger,  and  approximation  techniques  must  be  developed  for  treating 
these  cases.  Figure  2  shows  the  most  recent  calculations  of  the  2s-2p  radial 
matrix  elements  [31-36]  represented  in  terms  of  the  2p  state  lifetime. 

Li  2p  Lifetimes 
Theory  versus  Experiment 


Brage  1994 
Chung  1993 
Pipin  1992 
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Figure  2.  Comparison  between  recent  calculations  and  the  most  precise  experimental  results  to 
date.  (O)  ab  initio  including  core  polarization  and  correlations  [31-36],  (□  )  not  including  core 
correlations,  (A)  semi-empirical  [37],  (♦)  experimental  results  [39,  22,  23]. 

There  are  a  number  of  older  calculations  not  presented  here  which  can  be  found  in 
Reference  [22].  The  ab  initio  calculations  in  Figure  2  all  include  core  polarization 
and  core  correlation  effects,  and  all  fall  within  0.15%  of  each  other.  Theodosiou 
et  al  [37]  used  a  semi-empirical  model  potential  that  includes  only  core 
polarizations  explicitly.  Brage  et  al  calculated  the  effects  of  core  correlations 
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separately  using  an  approximation  that  can  be  transferred  to  heavier  systems  [31]. 
The  importance  of  including  correlations  is  illustrated  by  comparing  the  points 
labeled  CCP  and  CP.  Both  include  core  polarizations,  but  the  effects  of  core 
correlations  are  only  included  in  the  point  labeled  CCP.  For  this  simple  atom,  one 
would  expect  good  agreement  between  theory  and  experiment.  All  ab  initio 
calculations  disagree  with  the  experimental  results  of  Gaupp  et  al  by  about 
0.75%,  that  is  five  times  the  stated  experimental  precision.  The  number  of  recent 
calculations  indicates  the  intensity  of  the  interest  that  exists  in  resolving  this 
discrepancy.  Disagreements  between  experiment  and  theory  in  this  and  other 
systems  have  been  discussed  by  Wiese  [38]. 

Also  shown  in  Figure  2  is  the  lifetime  derived  from  an  experimental 
measurement  of  the  2s-2p  radial  matrix  element  using  cold  lithium  atoms. 
Abraham  et  al.  observe  the  spectra  of  ^Li  atoms  during  ultra-cold  collisions 
between  atoms  in  a  magneto-optical  trap  [39].  The  molecular  potential  at  large 
interatomic  distances  is  proportional  to  the  2s-2p  matrix  element  which  is 
revealed  in  the  vibrational  spectra.  The  precision  in  this  determination  of  the 
lifetime  is  0.4%  where  the  majority  of  the  uncertainty  is  in  the  molecular  potential 
at  intermediate  distances.  One  would  expect  agreement  with  the  results  for  '^Li, 
because  the  difference  in  the  lifetimes  for  the  two  isotopes  is  negligible. 

In  my  own  collaboration,  we  are  pursuing  lifetime  measurements  of  the 
2p  ^P 1/2, 3/2  states  of  lithium  [40].  We  employ  a  fast-beam  laser  technique  similar 
to  that  of  Gaupp  et  al  [22],  but  with  a  substantially  different  approach  for 
measuring  the  atomic  velocity  and  collecting  the  decay  fluorescence.  Neutral 
lithium  atoms  are  prepared  from  a  30-50  keV  beam  of  Li  +  ions  by  electron 
capture  in  a  gas  target.  A  dye  laser  at  670  nm,  aligned  perpendicular  to  the  beam, 
is  used  to  excite  the  atoms.  After  excitation,  the  fluorescent  signal  from  the 
selected  2p  ^P 1/2, 3/2  state  decays  in  flight  as  the  atom  moves  along  the  beam  line. 
Fluorescence  is  monitored  precisely  as  a  function  of  position  using  a  translating 
fiber-optic  light-collection  system,  shown  schematically  in  Figure  3.  A  second 
collection  system  remains  stationary,  and  that  signal  is  used  to  normalize  for  ion 
beam  fluctuations. 


Figure  3.  Schematic  diagram  of  the  experiment.  The  fiber  optic  bundles  couple  the  collected 
light  through  the  vacuum  chamber  wall  and  into  the  photomultiplier  tubes. 

The  atomic  velocity  is  measured  when  the  laser  beam  is  aligned  antiparallel  to  the 
atomic  beam.  The  Doppler  shift  of  the  atomic  resonance  determines  the  velocity. 
The  capabilities  of  our  beam-laser  technique  have  been  established  by  our 
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measurements  in  cesium  [12].  Changes  to  our  apparatus  now  allow  us  to  measure 
the  lifetime  of  the  states  in  lithium.  The  changes  include  interference 

filters  in  the  detectors  at  670  nm,  and  an  ion  source  that  produces  Li+  instead  of 
Cs^.  In  addition,  the  dye  laser  replaces  two  diode  lasers  used  to  drive  the  cesium 
transitions  62Si/2-^62Pi/2,3/2  at  895  nm  and  852  nm  respectively.  The  primary 
advantages  of  our  fast-beam  laser  technique  are  the  selectivity  of  the  excitation, 
the  intensity  of  the  fluorescent  signal,  the  stable  light  collection  optics,  and  the 
precision  time  scale  obtained  by  direct  measurement  of  the  neutral-atom  velocity. 


MEASUREMENTS  OF  133Cs  6p  3/2  STATE  LIFETIMES 

We  began  our  series  of  lifetime  measurements  with  the  6p  2p  1/23/2  states 
in  neutral  cesium  because  of  their  importance  to  the  interpretation  of  parity 
nonconservation  (PNC)  experiments  in  the  6^8 1/2^725 1/2  transition  [41].  In 
atomic  cesium,  PNC  experiments  are  reaching  a  sensitivity  that  can  test  the 
standard  model  of  weak  interactions  at  the  level  of  radiative  corrections  making  it 
possible  to  probe  for  new  physical  effects  [42].  The  interpretation  of  a  new  PNC 
experiment  in  cesium  [43]  requires  accurate  knowledge  of  selected  atomic 
transition  matrix  elements  below  the  0.5%  level.  The  theoretical  aspects  of 
atomic  PNC  are  discussed  by  Sapirstein  [4]  in  these  proceedings.  Atomic  theory 
plays  an  important  role  in  this  interpretation.  The  best  way  to  assess  the  accuracy 
of  atomic  theory  is  by  comparing  calculated  quantities  involving  radial  matrix 
elements  and  hyperfine  constants  to  precision  measurements.  Although  the  actual 
calculation  of  the  PNC  transition  amplitude,  Fpnc,  is  quite 

complex  [44],  the  contributions  made  by  various  matrix  elements  are  illustrated  in 
first  order  perturbation  theory  by  the  sum: 

7^  ^  (7S,/2  I  er  I  nPi/2)(nPi/2 1  |  ^^1/2) 

^PNC-  L  y  .E^p 

n  ^^1/2  “M/2 

(14) 

&]  HpNC  |nP|gXnP./2|er|6S3 
E7C  -E„p 

'^1/2  “M/2 

The  effective  weak  interaction  atomic  Hamiltonian,  Hpnc,  is  very  short  range 
and  is  sensitive  to  the  wave  functions  only  very  close  to  the  nucleus.  Hyperfine 
structure  constants  are  sensitive  to  the  wave  functions  in  the  same  region,  and 
provide  the  only  means  of  testing  the  wave  functions  at  small  radii.  As  shown  in 
Equation  14,  radial  matrix  elements  play  an  equally  important  role  in  this  sum.  At 
present  there  is  little  data  for  transitions  in  cesium  precise  enough  to  test  radial 
matrix  elements  below  the  1%  level.  Measurements  of  the  6^Pi/2  ^nd  6^P3/2  state 
lifetimes  provide  a  test  for  only  one  term  in  this  sum.  Other  terms  in  the  sum  are 
also  highly  weighted  by  their  corresponding  energy  denominators,  and  we  are 
planning  measurements  of  these  quantities. 

Our  lifetime  measurements  in  Cs  have  extended  the  application  of  the  fast- 
beam  laser  technique  to  heavy  alkali  atoms  and  include  the  first  application  of 
diodes  lasers  in  fast-beam  laser  spectroscopy  [45].  With  a  beam  energy  of  50  keV 


C.  E.  Tanner  141 


the  30  ns  lifetime  of  the  62P3/2  state  has  a  1/e  decay  length  of  8  mm,  enabling  us 
to  monitor  the  signal  over  several  decay  lengths.  Detailed  attention  is  given  to 
systematic  uncertainties  which  are  comparable  to  statistical  uncertainties,  and 
these  are  combined  in  quadrature.  Our  new  result  for  the  62P3/2  state  lifetime  is 
30.499+0.070  ns  where  the  uncertainty  is  0.23%  [12].  In  addition,  we  have 
measured  the  lifetime  of  the  62Pi/2  state  to  be  34.934+0.094  ns  where  the 
fractional  uncertainty  is  0.27%  [12].  The  only  previous  measurement  of  the 
62Pi/2  state  lifetime  is  that  of  Dodd  et  al  [46]  with  an  uncertainty  of  4%.  The 
62P3/2  lifetime  has  been  measured  previously  by  several  techniques  [47-50]. 
Figure  4  shows  a  comparison  of  our  results  with  previous  measurements  that  have 
uncertainties  of  less  that  5%.  A  more  complete  list  of  older  citations  is  given  in 
Reference  [45].  Our  present  measurement  of  this  state  [12]  agrees  with  our 
previous  result  [45]  and  improves  upon  the  uncertainty  by  a  factor  of  four  as 
shown  in  Figure  4.  Also  included  in  the  Figure  4  is  a  recent  pulsed-laser  delayed- 
coincidence  measurement  by  Young  etal  [51]. 
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Figure  4.  Graphical  comparison  between  recently  reported  lifetime  measurements,  previous 
experimental  work,  and  many-body  theoretical  values:  (O)  ab  initio  matrix  elements  [52,  53] 
combined  with  experimental  energy  levels,  ([J)  ab  initio  matrix  elements  combined  with  ab  initio 
energy  levels  [52,  53],  (•)  6p  ^P3/2  experimental  values  [12,  45-51],  (A)  6p  ^Pl/2  experimental 
values  [12,  51, 46]. 

Two  accurate  ab  initio  calculations  exist  for  the  6s-6p  radial  matrix 
elements  [52,  53].  Comparisons  of  our  results  with  these  calculations  are  shown 
also  in  Figure  4.  For  the  heavy  alkali  atom  cesium,  the  reduced  matrix  elements 
for  the  two  fine  structure  transitions,  6s-6p  ^Pi/2,  3/2*  have  only  a  small  inherent 
difference  of  0.4%  that  comes  from  slight  differences  in  the  excited-state  wave 
functions.  For  the  lithium  2s-2p  transition,  this  difference  is  negligible. 
Comparison  of  calculated  matrix  elements  with  experimental  lifetimes  requires  a 
conversion  factor  of  the  transition  wavelength  cubed  as  indicated  by  Equation  12. 
The  difference  in  the  transition  wavelengths  accounts  for  the  majority  of  the 
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difference  between  the  6p  ^?i/2  and  6p  state  lifetimes.  Using  theoretical 
energy  intervals  and  matrix  elements,  ab  initio  lifetimes  are  obtained  and 
indicated  by  the  open  squares  in  Figure  4.  The  ab  initio  energy  intervals 
calculated  in  References  [52,  53]  differ  from  the  accurately  known  experimental 
transition  energies  [54]  by  only  0.5-0.8%,  but  when  the  transition  energies  are 
cubed  this  results  in  a  2%  shift  in  the  6p  ^?y2,  3/2  state  lifetimes.  Experimental 
energies  are  more  accurate  for  testing  the  calculated  matrix  elements  alone.  Using 
experimental  transition  energies  with  the  ab  initio  matrix  elements,  we  obtained 
the  energy-corrected  theoretical  values  indicated  by  the  open  circles  in  Figure  4. 

Our  measured  lifetimes  for  both  fine  structure  states  happen  to  show 
excellent  agreement  with  the  energy-corrected  values  derived  from  Reference 
[53],  but  are  more  than  1%  longer  than  the  values  derived  from  Reference  [52],  a 
5a  difference  from  our  experimental  results.  However,  agreement  between 
experiment  and  these  energy-corrected  theoretical  lifetimes  at  the  precision  of  our 
experiment  is  not  necessarily  to  be  expected.  Both  apply  relativistic  many-body 
perturbation  theory  (MBPT),  but  the  calculations  are  inherently  different. 
Blundell  et  al  use  time  independent  perturbation  theory,  and  Dzuba  et  al  use  a 
time  dependent  approach.  Although  both  calculations  include  most  of  the  same 
effects  due  to  infinite  sums  of  many-body  diagrams,  certain  contributions  are  not 
included  in  one  or  both  formulations,  as  discussed  in  Reference  [52].  The 
resulting  ab  initio  values  for  the  transition  matrix  elements  differ  from  each  other 
by  0.4%  for  6s^6p2Pj/2  and  by  0.3%  for  6s-^6p2P3/2.  Therefore,  the 
corresponding  ab  initio  lifetimes,  proportional  to  the  matrix  elements  squared, 
differ  by  0.8%  and  0.6%,  respectively  as  shown  in  Figure  4.  One  source  of 
inaccuracy  in  both  theoretical  calculations  of  transition  matrix  elements  arises 
from  the  omission  of  high-order  terms  due  to  inexact  electron  binding  energies. 
Estimates  of  the  omitted  contributions  are  given  in  References  [52,  53]  using 
experimental  energy-scaling  considerations.  These  estimated  corrections  increase 
the  calculated  lifetime  values  of  Reference  [53]  by  about  0.2%  and  those  of 
Reference  [52]  by  about  0.7%,  resulting  in  a  2a  agreement  between  our  measured 
values  and  both  many-body  calculations. 


CONCLUSION 

The  measurement  of  lifetimes  has  found  a  role  in  many  fields  of  physics, 
providing  fundamental  information  about  interactions  or  wave  functions.  In 
atomic  physics,  there  has  been  and  still  is  an  incredibly  large  body  of 
experimental  work  applied  to  measuring  lifetimes  of  excited  states  of  atoms  and 
ions.  The  motivations  for  this  work  range  from  providing  information  for  the 
interpretation  of  astrophysical  data,  to  testing  atomic  theory.  There  are  a  variety 
of  techniques  available,  and  many  have  been  applied  to  molecular  systems.  In 
many  instances,  only  one  technique  many  be  practical.  In  neutral  alkali  systems, 
several  techniques  have  been  applied  to  lifetimes  of  the  same  state  where  the 
systematic  effects  and  uncertainties  can  be  compared.  Two  techniques  have  been 
applied  successfully  at  levels  of  precision  below  1%.  Briefly  described,  these  are 
the  techniques  of  laser  excitation  of  a  fast  atomic  beam,  and  delayed  coincidence 
detection  with  pulsed-laser  excitation. 

The  lithium  2p  state  lifetime  is  an  example  of  a  lifetime  that  plays  an 
important  role  in  understanding  the  origins  of  the  universe  and  testing  the  most 
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sophisticated  atomic  structure  calculations.  A  long  standing  discrepancy  between 
experiment  and  theory  in  this  simple  atom  has  stimulated  recent  theoretical  work. 
Agreement  between  a  variety  of  new  theoretical  approaches  calls  for  a  renewal  in 
experimental  interest.  The  experimental  atomic  physics  group  at  the  University  of 
Notre  Dame  has  initiated  a  new  measurement  using  the  fast-beam  laser  approach. 

Precision  measurements  of  lifetimes  and  hyperfine  structure  are  important 
to  the  interpretation  of  parity  nonconservation  experiments.  The  heavy  alkali 
atom  cesium  is  the  subject  of  a  new  PNC  experiment  and  interpretation  of  these 
results  in  terms  of  the  weak  interaction  will  require  the  accuracy  of  transition 
matrix  elements  to  reach  the  0.2%  level.  Lifetimes  of  the  6p  2py2  and  6p  2P3/2 
states  of  neutral  cesium  are  used  to  test  many-body  perturbation-theory 
approaches  to  the  calculation  of  atomic  structure  in  this  many  electron  system. 
We  have  measured  the  lifetimes  of  the  6p  and  6p  2P3/2  fine  structure  states 
of  atomic  cesium  with  sufficient  precision  to  determine  the  6s  2Si/2->6p  ^Pi/2,3/2 
transition  matrix  elements  to  better  than  ±0.14%.  Our  lifetime  results  suggest  that 
the  accuracies  of  existing  relativistic  many-body  calculations  of  these  matrix 
elements  in  cesium  are  of  order  0.3 -0.6%.  This  new  level  of  experimental 
precision  is  expected  to  motivate  improved  theoretical  calculations  of  transition 
matrix  elements  for  atomic  cesium  as  well  as  for  lighter  alkali  atoms. 
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Abstract.  We  report  measurements  of  mass  ratios  of  20  pairs  of  molecular  ions  with  a 
single  ion  Penning  trap  mass  spectrometer  having  an  accuracy  exceeding  one  part  in  10 
The  dominant  source  of  error  is  random  magnetic  field  fluctuations  which  cause  a  2.6x10'^^ 
rms  scatter  in  measurements  of  the  cyclotron  frequency.  Robust  statistical  analysis  of  the 
data  ensures  that  nongaussian  outliers  are  weighted  less  heavily  in  a  smooth  and  consistent 
manner.  Systematic  errors  are  estimated  to  be  2x10"^  ^  or  below  for  doublet  mass 
comparisons.  The  ratios  form  an  overdetermined  set,  such  that  the  atomic  masses  of  nine 
isotopes  can  be  derived  from  at  least  two  independent  groups  of  ion  mass  ratios,  providing 
many  consistency  checks  for  systematic  errors  at  the  10'^^  level.  At  this  level  of  precision, 
certain  mass  measurements  have  important  implications  in  fundamental  metrology.  Results 
presented  here  are  essential  for  defining  a  practical  atomic  standard  of  mass,  for  calibrating 
y-ray  wavelengths,  and  for  determining  the  molar  Planck  constant  and  the  fine  structure 
constant. 


1.  INTRODUCTION 

The  precision  at  which  mass  comparisons  can  be  made  has  steadily  improved 
over  the  years.  Recently,  the  Penning  trap  has  emerged  as  the  most  accurate 
instrument  for  mass  spectrometry.  A  precision  exceeding  lO'^^  is  routinely 
attained  in  our  experiment  at  MIT  (1).  The  major  purpose  of  this  paper  is  to 
present  accurate  measurements  of  twenty  different  mass  ratios  that  determine  ten 
atomic  masses  and  to  present  a  thorough  analysis  of  the  uncertainties  in  these 
measurements.  We  also  describe  several  new  metrological  implications  of  our 
mass  comparisons. 
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The  basic  advantages  of  a  Penning  trap  for  mass  measurement  are  that  the  mass 
is  determined  from  a  frequency  measurement,  that  a  long  time  is  available  to  make 
this  measurement,  and  that  the  ion  is  confined  to  a  small  spatial  region  of  a  highly 

uniform  magnetic  field.  A  Penning  trap  consists  of  a  strong  magnetic  field  B 

(providing  radial  confinement)  and  a  weak  quadrupole  electric  field  E  (providing 
axial  confinement)  (2).  In  order  to  eliminate  coulombic  perturbations  due  to  other 
nearby  ions  and  uncertainties  due  to  unspecified  internal  motion  of  a  cloud  of 
trapped  ions,  we  perform  measurements  on  a  single  trapped  ion. 

The  physics  of  a  single  ion  in  a  Penning  trap  is  well-understood  and  has  been 
described  in  detail  in  the  literature  (3).  The  motion  is  a  superposition  of  three 
normal  modes  of  oscillation:  the  “axial”  mode,  the  “trap  cyclotron”  mode,  and  the 
“magnetron”  mode.  The  axial  mode  is  harmonic  oscillation  along  the  magnetic 

field  lines  at  a  frequency  co^  that  is  proportional  to  the  square  root  of  the  trap 
voltage.  The  trap  cyclotron  mode  (at  o)')  is  similar  to  ordinary  cyclotron  motion  in 
the  radial  plane,  with  the  frequency  slightly  perturbed  by  the  electric  field.^The 
magnetron  mode  (at  cu^)  is  a  much  slower  circular  motion  essentially  due  io  Ex  B 

drift.  The  “free- space”  cyclotron  frequency  (Oc,  which  would  be  the  frequency  of 
cyclotron  motion  if  the  electric  field  were  removed,  is  obtained  by  adding  the  three 
mode  frequencies  in  quadrature: 

where  q  and  m  are  the  charge  and  mass  of  the  ion  (in  CGS  units),  and  c  is  the 
speed  of  light.  In  our  trap,  B  =  85000  G,  and  for  an  N2+  ion  (mass  28  u,  where 
u  =  atomic  mass  units),  the  mode  frequencies  and  0)^  are  4.6  MHz, 

160  kHz,  and  2.8  kHz,  respectively.  Therefore,  only  the  trap  cyclotron 
frequency  ct)'  must  be  measured  to  the  desired  precision  of  oic- 

For  optimum  precision,  the  frequency,  phase  and  amplitude  of  the  ion  s  axial 
motion  must  be  accurately  extracted  from  the  smallest  possible  signal.  The  ion’s 
axial  motion  is  observed  by  detecting  the  image  current  (-lO'l^  A)  induced  in  the 
endcaps  of  the  trap.  A  high-Q  (-30,00(3)  tuned  circuit  and  an  rf  SQUID  are  used 
to  attain  a  sufficient  signal- to-noise  ratio  (4).  The  axial  signal  is  a  sinusoid  that 
decays  as  the  ion  loses  its  energy  into  the  detector.  The  sirnplest  method  of  analysis 
is  to  perform  a  digital  Fourier  transform  on  the  data.  The  ion's  spectral  pararneters 
are  then  the  parameters  of  the  peak  bin.  However,  such  an  analysis  gives  biped 
estimates  since  it  fails  to  account  for  the  damping. (5)  A  better  procedure  is  to 
perform  an  analog  of  the  Laplace  transform  with  a  complex  frequency,  where  the 
imaginary  part  is  the  damping  constant.  This  is  implemented  simply  by  pre¬ 
multiplying  the  data  with  exp(-t/T),  where  T  is  the  amplitude  decay  time,  and  then 
taking  a  fourier  transform.  The  ion's  parameters  are  obtained  by  finding  the  peak 
of  the  transform.  This  procedure  works  better  because  it  weights  the  data  taken  p 
later  times  progressively  less  (as  the  signal  damps).  We  have  shown  (6)  that  this 
procedure  gives  unbiased  estimates  and  gives  errors  that  are  close  to  theoretical 
minimum  bounds  for  a  given  signal  to  noise  ratio. 

The  radial  modes  are  observed  and  cooled  indirectly  by  coupling  them  to  the 
axial  mode  with  a  diagonally  oriented  quadrupole  rf  field  (7).  The  advantage  of 
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this  scheme  is  that  the  cyclotron  mode  is  not  damped  by  the  detector  (thus  having  a 
nearly  zero  linewidth)  and  also  does  not  experience  tuned  circuit  pulling. 
However,  an  indirect  approach  must  be  taken  to  measure  tw' . 

We  have  developed  two  such  approaches  to  determine  cy':  the  “pulse  md 
phase”  (PNP)  method  and  the  “separated  oscillatory  yields”  (SOF)  method.  Both 
methods  utilize  “7t-pulses”  of  the  diagonal  rf  field  at  -  co^  to  coherently 

exchange  the  amplitudes  (scaled  by  and  phases  of  the  axial  and  trap 
cyclotron  modes,  allowing  the  amplitude  and  phase  of  the  trap  cyclotron  mode  to 
be  determined  (8).  With  the  PNP  method,  the  trap  cyclotron  frequency  is 

measured  by  exciting  the  ion  to  a  cyclotron  amplitude  pc,  allowing  the  ion  to 
evolve  “in  the  dark”  for  a  delay  time  T,  and  applying  a  Tt-pulse  to  measure  the 
accumulated  phase  (9).  With  the  SOF  method(lO),  the  ion  is  excited  by  a  pair  of 
cyclotron  pulses  separated  by  a  delay  time  7,  so  that  the  final  cyclotron  amplitude 
varies  sinusoidally  with  the  phase  accumulated  between  the  pulses.  The  amplitude 
is  then  measured  by  a  TC-pulse.  The  SOF  method  is  well  suited  for  measurements 
of  non  doublets  since  the  cyclotron  motion  of  both  ions  can  be  studied  with  the 
same  electric  fields,  with  the  trap  voltage  then  being  changed  just  before  the 
7C-pulse  in  order  to  bring  the  axial  frequency  into  resonance  with  the  detector.  With 
both  methods,  cu'  is  measured  to  lO'l^  precision  with  a  series  of  measurements, 
the  longest  having  a  delay  time  of  ~1  minute,  so  that  proper  phase  unwrapping  is 
achieved.  Related  techniques  are  used  to  cool  the  magnetron  motion  so  that  the  ion 
is  located  at  the  center  of  the  trap  before  measuring  cu' . 


2.  DETERMINING  A  MASS  RATIO 

If  the  magnetic  field  were  known  as  a  function  of  time,  a  mass  ratio  of  two 
different  ion  species  could  be  determined  by  comparing  the  free-space  cyclotron 
frequencies  for  two  ions,  measured  at  times  q  and  t2, 

mi  _  <?i  g(?i)  0)c2(h)  ^  (2) 

m2  B(h)  ®cl(fl) 

since  the  ratio  is  a  known  rational  number,  and  the  ratio  <2)^2 /^ci  is 

measured  to  high  precision.  Unfortunately,  the  magnetic  field  drifts  unpredictably 
in  the  time  between  and  during  two  measurements  and  does  not  cancel  exactly. 
The  field  can  change  by  processes  internal  or  external  to  the  magnet,  the  major 
source  during  the  day  being  external  magnetic  fields  from  a  nearby  subway. 
Motion  of  the  trap  relative  to  the  magnet  may  also  change  the  field  at  the  trap  center 
because  of  field  gradients.  Although  other  sources  of  random  error  (such  as  trap 
voltage  fluctuation  and  thermal  noise)  contribute  to  temporal  variations  in  repeated 
measurements  of  the  cyclotron  frequency,  the  magnetic  field  fluctuations  dominate 
(see  section  5).  We  therefore  model  all  temporal  variation  of  cOc  as  if  the  magnetic 
field  were  the  only  contributor. 
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Fitting  to  field  drift 

In  order  to  account  for  the  effects  of  temporal  drift,  measurements  are  repeated 
while  alternating  between  the  two  species  being  compared.  A  plot  of  the  cyclotron 

frequency  data  for  a  typical  run  is  shown  in  Fig.  1.  With  this  scheme,  (Dc  is 
measured  for  each  ion  at  several  different  times,  allowing  the  drift  to  be 
determined.  However,  the  field  drift  can  be  determined  and  corrected  for  only  if  it 
occurs  on  a  time  scale  longer  than  the  time  between  measurements  of  different 
ions,  which  is  typically  10-20  minutes.  Short-term  field  fluctuations  cannot  be 
modeled,  and  they  contribute  to  the  uncertainty  in  the  mass  ratio.  The  time 
dependence  of  the  magnetic  field  can  be  written  as: 

B{t)  =  5(0)  ( 1  +  /(r)  +  5B{t) )  , 

where  f{t)  is  the  modeled  long-term  field  drift  and  dB{t)  is  the  unknown  short- 
tenii  field  behavior. 

The  mass  ratio  is  obtained  by  fitting  to  the  data  for  both  ions  simultaneously. 
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Figure  1.  Typical  data  for  an  ion  mass  ratio  measurement.  The  cyclotron  frequency  is 
measured  alternately  for  the  two  ions  in  order  to  fit  to  the  field  drift  and  to  determine  the 
mass  ratio. 
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If  the  fitting  is  done  by  the  least  squares  method,  then  the  quantity 

/aj'2-  +  (4) 

J  ^ 

is  minimized  with  respect  to  the  fitting  function  f{t)  and  the  frequency  difference 
between  the  two  curves  Here,  the  indices  j  and  k  indicate  individual 

measurements  for  the  two  ions,  is  an  initial  guess  of  the  mass  ratio  (obtained 
from  existing  atomic  mass  data),  and  cr  is  the  measurement  uncertainty.  For  a 
doublet  (a  pair  of  ions  of  nominally  the  same  mass,  such  as  N2‘‘*  and  CO+),  Tq  =  1. 
The  best  value  of  the  frequency  difference, 

AcOc  =  <Oci(0)-rotOc2(0) 
leads  directly  to  the  mass  ratio  r. 


r  = 


m2 


=  1 


A®, 


COci(0) 


ro 


-1 


(6) 


The  uncertainty  in  r  arises  from  the  short-term  field  fluctuations  5B(t)  and  will  be 
discussed  in  the  next  section. 


The  simplest  general  functional  form  to  use  for  f{t)  is  a  polynomial.  The 
order  of  the  polynomial  is  critical.  If  too  few  terms  are  used,  the  polynomial  may 
not  fit  the  drift  adequately.  Conversely,  if  too  many  terms  are  used,  the 
polynomial  may  exaggerate  short-term  fluctuations,  giving  unreliable  results.  Thus 
there  is  an  optimal  order  of  polynomial  to  use  for  a  data  set. 

The  data  reported  here  were  taken  over  a  period  exceeding  one  year,  and  the 
roughly  equal  earlier  and  later  portions  were  analyzed  in  two  significantly  different 
ways.  For  the  earlier  portion  (6)  we  used  our  best  judgement  to  determine  the 
number  of  polynomials,  and  used  conventional  least  squares  fitting  algorithms. 
For  the  latter  portion  (1 1)  we  used  a  more  conservative  statistical  test  to  determine 
the  number  of  polynomials,  and  a  modification  of  least  square  statistics  called 
“robust”  statistics  which  provides  improved  handling  of  points  (called  “outliers” 
henceforth)  that  deviate  from  the  mean  by  several  standard  deviations. 

For  the  more  recent  portion  of  the  data,  the  basis  for  deciding  whether  the  next 
higher-order  term  should  be  added  to  the  polynomial  is  whether  it  produces  a 
significant  statistical  improvement  in  the  fit.  Goodness  of  fit  is  characterized  by  the 

statistic  (the  quantity  minimized  in  Equation  (4)): 

=  (7) 

where  A  is  the  deviation  from  the  fit,  <T  is  the  measurement  uncertainty,  n  is  the 
order  of  the  polynomial  fit,  and  N  is  the  total  number  of  points  for  both  ions. 
Improvement  in  the  fit  due  to  an  additional  term  (the  F-test)  (12)  is  characterized  by 

the  relative  change  in  xi'' 

2  2 

Fyiti)  = 

%nlv 

where  v  is  the  number  of  available  degrees  of  freedom  (to  be  discussed  shortly). 
Assuming  purely  random  fluctuations,  the  quantity  follows  the  F  distribution, 
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since  it  is  a  ratio  of  statistics.  The  probability  P  that  the  term  of  order  n  is 
statistically  significant  can  be  determined  from  tables  of  vs  v  (12).  (By 
coincidence,  a  probability  of  0.5  corresponds  to  a  value  of  --  0.5  for  low 
orders  of  n.)  Our  procedure  is  to  increase  the  order  of  the  polynomial  until  two 
consecutive  fits  give  F  <  0.5  (because  the  field  may  accidently  have  no  variation 
corresponding  to  a  particular  order).  The  optimal  order  is  chosen  to  be  the  last  one 
having  F  >  0.5. 

In  most  statistical  analyses,  the  number  of  degrees  of  freedom  v  is  taken  to  be 
N  —  the  number  of  data  points  minus  the  number  of  terms  in  the  fit  {n  plus  a 
constant  term).  This  assumes  that  the  data  points  are  all  uncorrelated,  which  is  not 
true  in  our  case,  since  points  within  a  “cluster”  (a  group  of  successive 
measurements  on  the  same  ion  -  see  Fig.  1)  are  more  strongly  correlated.  We 
adopted  a  more  conservative  estimate  for  v: 

(9) 

v  =  iV*-n-2, 

where  N*  is  the  number  of  clusters  in  the  data  set.  (The  “2”  arises  from  the  fact 
that  is  an  extra  parameter  in  the  fit.)  This  ensures  that  only  long-term  drift 
affecting  more  than  one  cluster  is  considered  and  prevents  the  polynomial  from 
fitting  to  field  jumps  on  a  time  scale  smaller  than  the  time  between  clusters.  Thus, 
for  example,  a  minimum  of  five  clusters  is  needed  for  a  quadratic  ( «  =  2 )  fit. 

Figure  2  illustrates  the  dependence  of  calculated  mass  ratio 

on  the  order  of  the  polynomial  fit,  for  the  00^2"^  measurement  illustrated  in 
Fig.  1.  Fig.  2a  shows  that  x^  decreases  quickly  at  first  and  later  stabilizes  as  the 
order  is  increased.  In  Fig.  2b,  F^  is  plotted  along  with  a  dotted  line 

corresponding  to  F  =  0.5,  showing  that  «  =  6  is  the  optimal  order  in  this  case.  As 
seen  in  Fig.  2c,  the  calculated  mass  ratio  did  not  vary  much,  although  variations 

on  the  order  of  1  crhave  been  observed  in  other  measurements  for  small  n. 

A  result  of  this  conservative  treatment  of  the  number  of  degrees  of  freedom  has 
been  that  some  measurements  needed  to  be  discarded.  For  certain  runs  (apparently 
when  the  magnet’s  liquid  helium  level  was  low),  the  magnetic  field  was 
exceedingly  erratic.  Polynomials  whose  order  approached  the  number  of  clusters 
of  data  seemed  to  be  necessary  in  order  to  fit  to  the  field  fluctuations,  indicating 
significant  field  variation  on  the  time  scale  required  to  change  ions.  The  above 
definition  for  v  does  not  allow  such  a  high-order  fit,  and  we  decided  to  discard 
such  data  completely.  These  data  included  our  earlier  measurement  of  the 
14N/CH2'*"  ratio  (13),  which  was  1.5  sigma  higher  than  the  value  of  this  ratio 
determined  from  our  more  recent  measurements  of  l^N2/C2H4+. 


3.  MAGNETIC  FIELD  NOISE 

The  above  procedure  describes  how  we  model  long-term  field  drift  and  extract 
the  mass  ratio  from  the  data.  The  unknown  component  of  Equation  (3),  the  short¬ 
term  field  fluctuation  5F(r),  appears  as  scatter  about  the  fit  and  leads  to  uncertainty 
in  the  mass  ratio.  This  field  noise  is  the  dominant  source  of  error  in  our 
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Figure  2.  Choosing  the  order  of  the  polynomial  fit.  The  statistic  (a),  the 
Fy  statistic  (b),  and  the  calculated  mass  ratio  (c)  are  plotted  as  a  function  of  the  order 
of  the  polynomial  v  for  the  data  in  Fig.  1 .  The  dotted  line  in  (b)  indicates  the  value  of 
corresponding  to  a  50%  statistical  probability  that  the  observed  value  would  be 
exceeded  if  the  data  were  normally  distributed.  (Note  that  it  increases  slightly  with  v.) 
In  this  case,  a  6th  order  polynomial  was  determined  to  be  optimal. 
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experiment,  and  its  statistics  must  be  well  understood.  A  detailed  analysis  of  the 
magnetic  field  noise  and  its  effect  on  mass  ratios  is  presented  in  this  section.  Other 
sources  of  error,  both  random  and  systematic,  are  considered  in  the  next  section 
and  shown  to  be  insignificant. 

Traditional  statistics  is  based  on  the  assumption  that  random  variables  follow 
the  normal  (gaussian)  distribution.  This  assumption  often  does  not  apply  to  real 
experiments,  where  some  of  the  fluctuations  may  be  due  to  a  less  frequent  but 
more  intense  external  noise  source,  or  where  the  fluctuations  may  not  be  normally 
distributed  (1//  noise  for  example).  A  qualitative  model  of  such  an  observed 
noise  distribution  Pisa,  superposition  of  a  dominant  gaussian  component  Pq  along 
with  a  small  component  Pn  that  is  much  wider:  (14) 

P  =  (l-e)/’G+£/’N 

where  e  «  1.  The  effect  of  Pn  is  to  increase  the  probability  of  observing  a  large 
fluctuation.  Although  a  gaussian  distribution  predicts  that  variations  larger  than 
3  a  should  only  occur  0.3%  of  the  time,  they  occur  much  more  often  in  most  real 
experiments.  Thus,  P  is  a  nearly  gaussian  distribution  for  small  variations,  but 
with  tails  that  approach  zero  more  slowly. 

The  magnetic  field  noise  distribution  P(dB)  for  all  the  data  in  the  second  part 
of  our  experiment  has  been  observed  to  follow  this  model.  Experimentally,  P(oB) 
is  measured  by  compiling  a  histogram  of  deviations  from  curve  fits  to  the  data  from 
many  runs.  The  histogram  shown  in  Fig.  3a  consists  of  about  1000 
measurements  and  appears  to  be  gaussian  near  the  center  with  standard  deviation 
<7=  2.6x10'^^.  When  the  histogram  is  plotted  on  a  semi -logarithmic  scale 
(Fig.  3b),  the  gaussian  central  portion  of  the  distribution  is  parabolic,  and  the  extra 
outliers  are  readily  apparent. 

These  excess  outliers  can  have  adverse  effects  on  data  analysis,  especially  if  the 
least  squares  method  from  traditional  statistics  is  used.  Since  the  goal  is  to 
minimize  the  sum  of  squares  of  the  deviations  from  the  fit,  outliers  are  heavily 
weighted  and  could  significantly  pull  the  mean.  Data  rejection  methods  exist  which 
attempt  to  identify  and  eliminate  non-gaussian  outliers,  but  these  methods  have 
been  shown  to  be  biased  for  varying  degrees  of  noise  contamination  (14). 

Robust  statistical  analysis 


Our  approach  has  been  to  use  robust  statistics  (14),  which  maintains  the  least 
squares  philosophy  while  accounting  for  outliers  in  a  smooth  and  consistent 
manner.  A  class  of  robust  statistics  called  “M-estimates”  is  a  generalization  of  least 
squares  statistics  and  is  easily  implemented  in  nonlinear  regression.  Near  the 
center,  a  robust  distribution  approximates  a  gaussian  distribution.  Data  with  larger 
deviations  from  the  fit  A  are  weighted  less,  and  the  corresponding  probability 
distribution  P(A)  has  larger  tails  than  a  gaussian  to  account  for  extra  outliers.  This 
distribution  can  be  expressed  in  terms  of  an  “estimator”  : 

f  rA  \  (11) 

P(A)  =  exp(^-J^  \i/(A')dA  j 

Since  the  maximum  likelihood  estimates  of  the  fit  parameters  are  obtained  by 
solving  \j/{Ai)  =  0,  the  estimator  \j/(A)  is  proportional  to  the  effect  of  a  data 
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Figure  3.  Cyclotron  frequency  noise.  In  (a),  a  histogram  of  the  differences  between 
the  measured  (O^'s  and  the  fit  to  the  field  drift  is  plotted  for  -1000  measurements, 
along  with  a  gaussian  fit  with  <7=  2.6  xIO'i*^.  The  excess  number  of  outliers  is 
apparent  in  (b),  where  the  histogram  is  folded  and  plotted  on  a  logarithmic  scale.  The 
distribution  corresponding  to  the  Hampel  estimator  in  Fig.  4  represents  the  observed 
noise  more  accurately  than  the  conventional  gaussian  (least-squares)  distribution. 


158  Accurate  Atomic  Mass  Measurements 


point  with  deviation  A  on  the  fit.  The  least  squares  case  is  given  by  V^(A)  =  A,  in 
which  all  data  points  are  weighted  evenly  and  affect  the  fit  in  linear  proportion  to 
their  deviation  from  the  fit,  and  probability  distribution  is  the  familiar  gaussian: 

P(A)  =  exp(~AV2).  A  robust  estimator,  on  the  other  hand,  has  V^(A)  =  A  for 
points  with  small  deviations  (where  gaussian  statistics  is  valid)  and  v^(A)  <  A  for 
points  with  large  deviations  (thus  diminishing  the  importance  of  the  outliers). 


We  use  a  three-part  descending  Hampel  estimator  x}/(x)  (Fig.  4)  to  fit  to  the 
field  noise.  (Many  statisticians  consider  this  estimator  to  be  well  representative  of 
actual  physical  data  (15).) 


foT\x\<a  (12) 

asgn(x)  for  a<\x\<b 

aic-\x\)/{c-b)  for/7<|x|<c’ 

0  for  \x\>c 

where  JC  =  A/cr,  and  where  a,  b,  and  c  are  parameters,  chosen  to  be  1.6,  2.5,  and 
4.3,  respectively.  These  parameter  values  were  selected  to  accurately  reflect  the 
observed  probability  distribution  in  Fig.  3.  Points  with  deviations  larger  than  a  a 
have  reduced  weight,  and  those  with  deviations  larger  than  ca  are  completely 
rejected  from  the  fit  (i.e.,  y/  0).  Although  only  six  points  were  seen  outside 
the  range  of  Fig.  3(b),  others  may  have  been  missed  because  their  phase  error 
exceeded  tc,  resulting  in  misassignment  of  the  phase  or  in  rejection  of  that  datum 


due  to  uncertainty  in  unwrapping  the  phase.  .  .  ■  u.  a 

Fitting  with  robust  statistics  is  equivalent  to  performing  a  weighted  least 
squares  fit  (14).  The  assigned  error  in  each  measurement  is  weighted  by  a  factor 

of  w  =  \l/{A)/A.  Points  with  small  A  thus  receive  full  consideration  by  the  fit 


Figure  4.  Hampel  estimator.  The  three-part  descending  Hampel  estimator  (12)  used 
for  modeling  fluctuations  in  co^  (Fig.  3)  is  shown,  along  with  the  conventional  least- 
squares  estimator.  Points  with  large  deviations  {>aCF)  are  weighted  less  and  have  a 
smaller  effect  on  fitting  to  field  drift. 
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( w  =  1),  and  points  with  large  A  receive  reduced  consideration  (w  <  1).  Least 
squares  fitting  is  done  iteratively  (since  A  changes  after  each  attempt)  until  the  fit 
parameters  converge.  The  resultant  uncertainty  in  the  difference  frequency  Aco^  is 

the  standard  statistical  error  (from  curvature)  from  assigning  an  uncertainty  of 
2.6  X 10“^^  /  w  to  each  point.  For  a  nighttime  run,  the  statistical  uncertainty  in 
Ao)^  and  therefore  in  the  associated  mass  ratio  is  typically  IxlO'iO. 

Ultimately,  the  use  of  robust  statistics  has  made  relatively  little  difference  in  our 
final  results.  When  robust  and  standard  techniques  were  applied  to  the  same  data, 
the  results  were  usually  within  a/2  of  each  other.  The  standard  deviations 
observed  in  the  later  set  of  runs  were  generally  close  to  2.6x1 whereas 
standard  deviations  of  the  earlier  set  of  runs  occasionally  were  as  high  as  4x10’^^. 
We  believe  this  is  primarily  due  to  better  shimming  of  the  field  (  so  that  movement 
of  the  trap  vacuum  system  in  its  dewar  does  not  affect  the  results  so  much,  but  it 
results  partly  from  the  fact  that  the  robust  statistics  de weight  the  outliers  somewhat. 
As  described  below  (see  Consistency  checks),  comparisons  of  final  results  from 
the  two  different  sets  of  runs  showed  no  statistically  significant  deviations. 

4.  ATOMIC  MASSES 


Mass  ratios  were  measured  for  a  wide  variety  of  molecular  ions,  and  the  results 
are  listed  in  Table  1.  The  ion  species  were  selected  so  that  atomic  masses  of  the 
neutral  isotopes  could  be  determined  in  terms  of  the  basis  of  the  atomic 

mass  scale.  In  this  section,  the  procedure  for  converting  the  ratios  into  atomic 
masses  is  described. 

The  first  step  in  converting  ion  mass  ratios  into  masses  of  neutral  atoms  in  the 
ground  state  is  to  account  for  chemical  binding  energies  and  ionization  energies: 

=  m[nA(g) +A:B(g) -€~]  -f  AeJc^ 

The  energy  AE  required  to  form  a  molecular  ion  from  the  neutral  atoms  is 
calculated  from  the  standard  heats  of  formation  of  the  species  in  the  gaseous  state  at 
0  K  temperature  (16).  Afterwards,  the  mass  ratio  r  can  be  expressed  in  terms  of 
the  individual  atomic  masses,  as  in  this  example: 

-  _  rn{nA  +  kQ-e~^  +  AF^/c^ 

m[pC  +  ^D-e“]  +  AE2/c^ 

For  doublet  measurements,  (1-r)  ~  0(10“^),  and  the  mass  ratio  should  be 
considered  as  a  determination  of  a  mass  difference: 

m[pC  +  qE>-nA~k^]  =  (1 -r)(m[pC  +  ^D +  AF'/c^ 


Table  1.  Measured  mass  ratios  and  corresponding  mass  differences  (in  atomic  mass  units).  The  numbers  in  parentheses 
indicate  the  uncertainty  in  the  last  decimal  places.  Several  ratio  measurements  were  repeated  in  order  to  reduce  statistical  error. 
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Although  C  and  D  also  appear  on  the  right  side  of  the  equation,  they  are  multiplied 
by  the  small  factor  (1  -  r)  and  do  not  need  to  be  known  a  priori  to  high  precision. 
Note  that  species  which  appear  in  both  the  numerator  and  the  denominator  cancel  to 
first  order  in  the  mass  difference.  (For  example,  the  ratio  m[CD3''']/m[CD2H2'*'] 
determines  the  mass  difference  2H  -  D.) 

The  mass  differences  and  their  uncertainties,  also  listed  in  Table  1,  can  be 
expressed  in  matrix  form: 

xM  =  y±a 


where  x  is  a  PxQ  matrix  of  the  coefficients,  M  is  a  column  vector  of  the  Q  atomic 
masses,  and  y  +  <t  is  a  column  vector  of  the  P  mass  differences  and  uncertainties. 
(The  reference  atom  12c,  which  is  defined  to  have  a  mass  of  exactly  12  u,  is 
included  on  the  right  side  of  the  equation.)  The  best  values  of  the  atomic  masses 
are  obtained  from  a  global  least  squares  fit: 


M  =  X"‘Y 


(17) 


where 


p  p  (18) 

^jk='Z^ijXik/<yi'^  >  '^j='Lxyyi/ai^ 

1=1  1=1 

The  inverted  matrix  X“^  is  the  covariance  matrix,  the  diagonal  elements  of  which 
are  the  uncertainties  in  the  atomic  masses. 


The  ability  to  invert  the  X  matrix  depends  on  whether  each  individual  species 
can  be  directly  related  to  This  is  rather  difficult  to  accomplish  solely  with 
doublets  in  the  mass  range  in  which  we  operate  (10-50  u).  (For  example,  the 
three  ratios  N+/CH2'‘',  O+/CH4+,  and  CO+/N2'‘'  would  seem  sufficient  to  determine 
the  atomic  masses  of  N,  O,  and  H,  but  the  resultant  matrix  is  singular;  i.e.,  the 
mass  differences  from  these  ratios  using  (15)  are  linearly  dependent.)  We  have 
measured  one  set  of  doublets  (Ar+/C3H4+,  Ar++/CD4-‘-,  and  CD3+/CD2H2+)  which 
determines  H  and  D  directly  in  terms  of  C  and  breaks  the  singularity  in  the  matrix. 
We  have  also  developed  techniques  to  make  non-doublet  measurements  (10),  such 
as  CH4+/C+,  which  are  very  useful  for  providing  links  to  invert  the  matrix. 


Atomic  mass  table 


An  atomic  mass  table  (Table  2)  of  nine  isotopes  and  the  neutron  is  obtained  by 
fitting  to  the  entire  set  of  our  mass  ratio  measurements.  For  comparison,  the  best 
values  from  conventional  mass  spectrometry  (the  1983  atomic  mass 
evaluation  (17))  are  also  listed,  showing  that  Penning  trap  measurments  have 
achieved  an  improvement  in  precision  of  a  factor  of  10-1000.  The  latest  (1993) 
atomic  mass  evaluation  (13)  contains  some  data  from  Penning  trap  experiments, 
including  preliminary  values  of  some  results  reported  here.  Our  latest  results  are 
consistent  with  our  earlier  (6)  results  ,  except  for  the  1.5  a  adjustment  in  the 
mass  that  followed  the  new  data  analysis  techniques  described  nreviously. 

The  neutron  mass  follows  from  the  atomic  masses  of  %,  and  the  deuteron 
binding  energy  from: 

+  r  (2.2  MeV)  , 


(19) 
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40 Ar _ 39.962  383  122  0  (33) _ 39.962  383  700  0  (14000) 


Table  2b.  Atomic  mass  differences  measured  by  the  MIT  Penning  trap  experiment  and  the  Ohio  State  FT-ICR  experiment. 
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The  most  accurate  measurement  of  the  y-ray  wavelength  (18)  is  accurate  to  IxlO"^ 
and  limits  the  precision  of  our  determination  of  the  neutron  mass  to  2x10"  . 

Other  Penning  trap  measurements 

Table  2  also  compares  our  measurements  with  other  Penning  trap  experiments. 
The  results  are  in  good  agreement  with  our  more  precise  values,  except  for  a  two 
sigma  difference  for  Van  Dyck  et.  aL  (19)  have  written  a  detailed  review  of 
high  precision  mass  measurements  in  Penning  traps.  Their  group  has  measured 
the  masses  of  several  light  isotopes  (19),  most  notably  ^He  and  H  (20),  with 
uncertainties  typically  a  factor  of  2  larger  than  ours.  They  use  a  trap  similar  to 
ours,  but  having  a  small  anharmonicity  such  that  the  axial  frequency  is  a  weak 
function  of  the  cyclotron  amplitude.  Measurements  are  made  by  monitoring  the 
axial  frequency  while  a  drive  is  swept  through  the  (trap)  cyclotron  frequency. 
They  have  solved  the  matrix  inversion  problem  by  measuring  q/m  doublets 
containing  highly  ionized  species  such  as  12C^+  and  ^He'*'.  The  Stockholm-Mainz 
group  has  measured  the  mass  of  ^^Si  with  10'^  precision  (21).  Their  technique  is 
similar  to  one  used  for  unstable  nuclei  (22).  Ions  are  ejected  from  the  trap  through 
a  hole  in  the  endcap.  As  they  leave  the  magnetic  field,  their  cyclotron  energy  is 
converted  to  additional  axial  velocity,  which  is  monitored  by  time  of  flight 
Fourier  transform  ion  cyclotrometers  are  widely  used  in  analytical  and  physical 

chemistry.  (23)  These  devices  have  a  ring  that  is  divided  into  four  quadrants,  with 

two  quadrants  used  to  excite  the  cyclotron  motion  and  two  used  for  detection.  The 
group  at  Ohio  State  has  determined  several  mass  differences  by  FT-ICR 
spectrometry  on  ion  clouds  with  uncertainties  about  20  times  larger  than  our 
corresponding  values  (24-26). 

5.  UNCERTAINTIES 

In  the  previous  discussion,  it  was  assumed  that  random  field  fluctuations 
dominated  the  uncertainty  in  the  experiment.  There  are  several  other  sources  of 
error  below  10' that  prove  negligible  but  still  should  be  considered.  In  this 
section,  the  various  uncertainties,  both  random  and  systematic,  are  summarized 
and  estimated.  In  Table  3,  the  uncertainties  contributed  from  the  various  sources 
are  listed  for  a  single  measurement  of  (Oc  as  well  as  for  a  measurement  of  the  mass 
ratio  during  a  nighttime  run.  For  the  purpose  of  calculation,  errors  are  estimated 
for  a  typical  ion  of  mass  30  u;  Table  3  also  lists  how  each  error  scales  with  the 
mass  of  the  ion  being  measured. 

Random  errors 

The  observed  noise  histogram  in  Fig.  3  is  a  composite  of  all  short-term 
fluctuations  which  contribute  to  the  random  error  of  the  experiment.  The  rms  error 
is  2.6x10"^^  per  measurement  of  Ct)c»  the  resultant  error  in  the  mass  ratio  is 
typically  IxlO-^^  for  a  nighttime  run  of  ~60  measurements  with  ~15  alternations  of 
the  ions.  Variations  in  the  magnetic  field  at  the  site  of  the  ion  (from  both  internal 
and  external  processes)  are  primarily  responsible  for  this  random  error. 

Electric  field  fluctuations  also  contribute  to  the  random  error,  but  to  a  lesser 
extent.  The  axial  frequency  Gh  varies  as  the  square  root  of  the  trap  voltage,  which 


Table  3.  Summary  of  estimated  random  [R]  and  systematic  [S]  uncertainties  for  doublet  (d)  and  non-doublet  (n)  comparisons, 
in  parts  per  trillion  (10''*  2).  The  first  column  lists  the  error  contributed  from  each  source  per  measurement  of  the  cyclotron 
frequency  (Dq,  and  the  second  column  lists  the  resultant  error  in  the  mass  ratio  for  a  single  nighttime  run.  Errors  are  calculated  for 
mass  30  u  ions,  assuming  a  cyclotron  amplitude  p,  =  0.025  cm,  a  magnetic  bottle  By  /Bn  <  10~^  cm“^ .  and  a  hiaher-order 
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measurement  is  completely  negligible  —  a  few  parts  in  lO^'^.  For  non-doublets, 
the  error  is  a  few  parts  in  10^^,  still  considerably  smaller  than  the  random  en*or. 

Tuned  circuit  pulling  also  is  a  potential  cause  of  systematic  error.  Since  the 
ion’s  axial  mode  is  coupled  to  a  high-Q  tuned  circuit,  co^  is  perturbed.  Assuming 
an  unlikely  systematic  difference  of  50  mHz  in  the  two  ions’  axial  frequencies 
during  one  run,  the  resultant  uncertainty  in  (Oc  is  2x10-12. 

In  summary,  the  magnetic  field  noise  causes  a  random  error  of  --lO’!^  in  one 
mass  ratio  run,  and  other  sources  of  random  and  systematic  errors  are  calculated  to 
be  about  an  order  of  magnitude  smaller.  In  the  next  section,  it  is  shown  that  the 
quoted  uncertainties  are  verified  by  a  series  of  checks. 

Consistency  Checks 

In  a  precision  experiment,  the  reported  uncertainty  is  just  as  important  as  the 
reported  result,  and  there  is  a  need  to  check  for  unknown  errors  to  ensure  that  none 
have  been  overlooked.  The  fact  that  we  measure  mass  ratios  of  molecular  ions, 
which  involve  various  combinations  of  atomic  species,  affords  an  opportunity  for 
self-consistent  checks  of  systematic  and  random  errors.  We  have  done  many  such 
checks  to  ensure  that  our  uncertainties  are  accurate.  These  checks  may  be  classed 
in  several  categories:  repeated  measurements,  closed  loops  of  ratios,  repeated 
measurements  after  a  complete  reshimming  of  our  magnet,  redundant  ratios,  non¬ 
doublet  measurements,  and  the  overall  agreement  of  the  global  fit  to  all  ratios. 

Repeated  measurements.  In  many  cases,  measurements  were  repeated  on  the 
same  pair  of  ions  on  several  nighttime  runs.  The  field  fluctuations  typically  were 
different  for  each  run,  therefore  testing  the  method  of  fitting  to  the  field  dnft. 
There  were  13  repeated  measurements,  having  a  reduced  chi-square  of 
xl  ==  0.75.  This  test  indicates  that  the  random  error  from  field  fluctuations,  as 
determined  by  the  histogram  in  Fig.  3,  has  not  been  underestimated. 

Closed  loops.  Another  check  involves  “closed  loops”  of  ratios.  Given  three 
ions  A+,  B+,  and  C+,  there  are  three  possible  doublets  that  can  be  measured: 
A+/B+,  B+/C+,  and  C+/A+.  If  the  ratios  are  multiplied  together,  the  product 
should  be  equal  to  one,  within  experimental  error.  Closed  loops  are  basically  a 
check  on  the  field  fitting  uncertainties,  like  repeated  measurements,  except  that  they 
are  also  sensitive  to  any  systematic  errors  which  are  nonlinear  with  respect  to  the 
difference  in  mass.  Three  such  closed  loops  were  measured,  having  a  reduced  chi- 
square  of  xl  =  1-53.  (Statistically,  a  reduced  chi-square  of  this  value  or  higher 
should  arise  in  20%  of  the  cases,  so  xl  =  1-53  is  not  anomalously  high.) 

Magnet  reshimming.  In  the  midst  of  our  measurements,  our 
superconducting  magnet  accidentally  quenched.  This  divided  the  data  into  e^lier 
and  “later”  categories  which  were  analysed  differently  as  discussed  in  sections  2 
and  3.  The  magnet  was  rebuilt,  reenergized,  and  reshimmed,  changing  the  higher- 
order  inhomogeneities  in  the  magnetic  field.  In  this  process,  the  trap  was  thermally 
cycled  between  300  K  and  4  K,  changing  the  surface  patch  charges  on  the  trap 
electrodes  which  contribute  to  higher-order  terms  in  the  electric  field.  Comparison 
of  measurements  done  before  and  after  the  magnet  rebuild  therefore  checks 
systematic  errors  resulting  from  field  imperfections.  There  were  three  such 

measurements,  having  a  reduced  chi-square  of  =  0.26. 

Redundant  ratios.  A  particularly  powerful  check  for  systematics  is 
provided  by  redundant  ratios,  measurements  that  determine  the  same  mass 
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deferent  molecular  ions.  For  example,  the  ratios  O+/CH4+, 
CU+/C2H4+,  and  C02‘^/C3H8+  all  determine  the  mass  difference  C  +  4H  -  O  but 
the  measurements  are  made  at  mass  16,  28,  and  44  u,  respectively.  Such 
redundant  ratios  check  for  virtually  all  systematic  errors,  since  the  ratios  are 
measured  under  widely  different  experimental  conditions.  For  example,  different 
^ap  voltages  test  for  errors  from  surface  patch  charge  effects,  different  cyclotron 
frequencies  test  for  errors  in  the  phase-coherent  cyclotron  mode  coupling 
techniques,  and  different  chemical  energies  test  for  errors  in  the  method  of 
calculating  atomic  masses  from  ratio  measurements.  The  ratios  that  were  measured 
contain  a  total  of  four  redundancies  with  Xv  =  0.39. 

Non-doublet  ratios.  We  have  developed  techniques  (10)  to  measure  ratios  of 
non-doublets,  which  are  pairs  of  ions  with  greatly  different  mass.  Non-doublet 
ratios  were  compared  with  nieasurements  of  doublet  ratios,  providing  a  test  of 
possible  systematic  errors  arising  from  differences  in  the  measurement  techniques 
Anhaimonic  frequency  shifts  which  cancel  to  lowest  order  for  doublets  do  not 
nat^ally  cancel  for  non-doublets.  The  cyclotron  modes  are  intentionally  driven  to 
different  amplitudes  in  order  to  cancel  the  relativistic  shift,  but  a  magnetic  bottle 
shift  remains.  Three  doublet  /  non-doublet  redundancies  resulted  in  =  0.16, 
indicating  that  such  systematic  errors  are  insignificant  at  the  10“  level  of 
precision. 

An  additional  test  of  the  non-doublet  comparison  method  is  by  the 
measurement  of  the  known  ratios  N2+/N+  and  Ar+/Ar++  (10).  In  each  case,  the 
ratio  IS  about  equal  to  two,  except  for  corrections  from  the  electron  mass  and  the 
chemical  energies.  Since  N  and  Ar  are  compared  against  themselves,  their  atomic 
masses  with  respect  to  C  cancel  to  lowest  order,  and  the  ratios  can  be  calculated 
from  existing  mass  data  with  an  accuracy  of  ~10‘^^.  The  measured  ratios  were 
found  to  agree  with  the  calculated  values,  adding  further  confidence  to  our  non¬ 
doublet  measurement  technique. 


Table  4.  Summary  of  consistency  checks.  The  number  of  excess  independent 
measurements  v  and  the  reduced  chi-square  xl  are  listed.  The  last  column  lists  the 
statistical  probability  Pot  exceeding  the  observed  value  of  for  each  check. 


Check 

V 

xl 

P 

Repeated  measurements 

13 

0.75 

71% 

Closed  loops 

3 

1.53 

20% 

Magnet  rebuild 

3 

0.26 

85% 

Redundant  ratios 

4 

0.39 

82% 

Doublet  /  non-doublet 

3 

0.16 

92% 

Overall 

24 

0.74 

81% 
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Overall  agreement.  The  final  consistency  check  is  the  overall  agreement  of  all 
the  results  in  the  global  least  squares  fit.  There  are  a  total  of  33  ratio  measurements 
and  9  atomic  masses,  and  therefore  24  degrees  of  freedom.  The  reduced  ch^ 
square  for  the  fit  was  =  0.74.  Table  4  lists  all  the  reduced  chi-squares  from 
the  different  types  of  checks,  as  well  as  the  statistical  probabpty  for  exceeding  the 
observed  value  of  xl^  In  all  cases,  xl  -  and  the  reported  nncertamtie^^^^^^^ 
considered  to  be  consistent  with  the  data.  These  consistency  checks  therefore  ^e 
compelling  evidence  that  the  errors  in  the  mass  ratios  are  dominated  by  the 
obse^ed  statistical  noise.  The  checks  also  imply  that  if  any  systematic  error  had 
been  overlooked,  it  would  have  to  be  smaller  than  10  .  j  4.  /-.r 

Every  isotope  in  our  mass  table  is  derived  from  at  least  two  independent  sets  or 
ratios  (except  for  the  neutron,  which  depends  on  a  single  gamma-ray  e^enment). 
This  not  only  provides  the  same  checks  as  the  redundant  ratios  described  above, 
but  also  ensures  that  non-canceling  calculational  and  measurement  errors  have  been 
avoided. 

6.  APPLICATIONS  TO  METROLOGY 

At  the  lO'l*’  level  of  precision,  certain  mass  measuremOTts  have  important 
implications  for  fundamental  metrology  (1).  In  this  section  we  discuss  t  e 
contributions  of  our  measurements  to  defining  an  atom-based  mass  standard, 
calibrating  y-ray  wavelengths,  and  determining  fundamental  constants. 


Atomic  mass  standard 

Our  demonstrated  ability  to  compare  atomic  masses  at  the  10  1^  level 
establishes  comparison  of  atomic  masses  as  a  more  precise  operation  than 
comparison  of  macroscopic  masses,  which  is  limited  to  a  relative  precismn  of 
-10-^,  especially  for  masses  of  different  density  (31).  This  suggests  the  wisdom 
of  an  atomic  definition  of  mass,  as  might  be  achieved  by  defining  the  Avoga^o 
constant  N  a  •  Finding  an  accurate  way  to  realize  such  a  definition  would  have  the 
addition^  advantage  of  replacing  the  last  artifact  standard,  the  kilograrn. 

The  S.L  unit  of  mass,  the  kilogram,  is  defined  to  be  the  mass  of  the  prototype 
platinum-iridium  cylinder  at  Bureau  International  des  Poids  et  Measures.  Besides 
being  unique,  such  an  artifact  mass  standard  has  many  disadvantages,  me  u  mg 
the  possibility  of  long-term  drift  and  damage  due  to  mishandling  (3  ).  (  o  gu 
against  mishandling,  the  prototype  kilogram  has  been  compared  to  secondary 
standards  only  three  times  this  century.)  A  more  desirable  standard  would  be 
based  on  an  atomic  mass,  such  as  the  mass  of  a  Si  atom,  which  avoids  these 
disadvantages  (32).  However,  replacing  the  artifact  mass  standard  depends  on  the 
ability  to  realize  the  kilogram  {i.e,,  to  develop  a  practical  macroscopic  mass 

standard  from  this  atomic  definition). 

One  promising  method  for  realizing  an  atomic  kilogram  is  to  accurately 
measure  the  lattice  constant  and  the  mass  density  of  a  highly-pure  silicon  crystal 
(33).  With  the  present  mass  standard,  this  experiment  determines  the  Avogadro 
constant  N  a  ;  with  an  atomic  mass  standard  based  on  a  defined  value  of  ,  the 
crystal  becomes  a  mass  density  standard  which  would  lead  to  a  macroscopic 
realization  of  the  kilogram.  A  precision  in  of  MO-  has  been  attained  so  far 
(33)  and  it  is  anticipated  that  modifications  (including  the  use  of  a  crystal 
isotopically  enriched  with  28si)  will  allow  to  be  measured  to  10-8  m  the  future. 


F.  DiFilippo  et  al.  171 


(Recently,  a  measurement  of  the  silicon  lattice  constant  d22Q  has  been  reported  to 
3x10-8  (34).)  Realizing  the  kilogram  with  10-8  accuracy  would  at  the  very  least 
provide  a  check  on  the  long-term  drift  of  the  artifact  mass  standard.  The  previous 
(non-Penning-trap)  value  of  M(28Si)  was  accurate  to  2.5x10-8  and  would  have 
been  a  limtation  in  the  accuracy  of  Nj^ .  The  value  from  our  experiment,  accurate 
to  7x10-11  and  confirmed  to  lO’^  (21),  removes  this  limitation. 

Y-ray  calibration 


Another  application  of  precision  mass  spectrometry  in  the  field  of  metrology  is 

to  “weigh”  Y-rays.  By  Einstein’s  principle,  AF  =  Amc^,  the  energy  released  in  a 

nuclear  process  in  the  form  of  y-rays  can  be  measured  as  a  difference  in  the  mass 

of  the  initial  and  final  nuclei.  If  the  y-ray  energy  is  in  the  form  of  a  single  photon 

with  effective  wavelength  /I* ,  after  correcting  for  nuclear  recoil,  then  the  energy 
balance  equation  is: 


Ey  =  hcj  ?i  =  JSmc^ 

Absolute  measurements  of  y-ray  wavelengths  are  often  imprecise.  For  this  reason, 
neutron  separation  energies  determined  by  mass  spectrometry  are  used  to  calibrate 
y-ray  wavelengths,  particularly  in  the  2-13  MeV  range  (35). 

The  neutron  capture  reactions  y)  and  y)  are  two  processes  that 

are  attractive  for  y-ray  wavelength  calibration: 


+  n  ^  +  71  +  72  (10-8  MeV) 

+  n  +7  (4.9  MeV) 

When  combined  with  lH(«,  y): 

'h  +  «  ^  +  7  (2.2  MeV)  , 

the  neutron  mass  cancels,  yielding  the  energy  balance  equations: 

m[‘'’N+^H-^^N-'H]c2  =  hc/Xl 


(22) 


(23) 

(24) 


,„[12c+2h-13C-'H]c^  =  hclXl 

Thus,  precise  measurements  of  the  mass  differences  and 

oyQ  valuable  for  y-ray  spectroscopy. 

Our  best  values  for  these  mass  differences  (Table  5)  are  accurate  to  1x10-7  and 
4x10-7,  respectively.  By  selecting  molecular  ions  which  have  optimal  correlation 
among  the  individual  atoms,  the  final  uncertainties  in  AM  are  minimized.  The 
mass  difference  l^N+^H-l^N-lH  would  be  most  directly  measured  from 
15NH3+/NDH2+,  but  technical  difficulties  prevented  us  from  loading  ammonia 
ions  into  the  trap.  Instead,  the  ratios  N2+/C2H4-»-  and  15n2-»*/C2D2H2+  were 
measured,  leading  to  a  value  of  9  241  852,1  (1.1)  nu  for  AM.  As  a  redundancy 
check,  a  value  of  9  241  853.7  (1.7)  nu  was  obtained  independently  from  all  other 
ratios  (15N+/CH3+,  N2+/CO+,  etc.)  and  is  in  agreement.  The  mass  difference 
was  also  measured  in  two  ways  to  verify  its  precision.  The 
ratios  CH4''‘/CDH3‘^  and  1^C2H4'^/C2D2H2‘^  determined  this  difference  to  be 
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2  921907.4  (1.5)  nu  and  2  921 908.6  (1.2)  nu,  respectively,  and  are  also  in 
agreement.  Our  best  values  for  the  mass  differences,  9  241 852.7  (0.9)  nu  and 
2  921 908.2  (1.1)  nu,  result  from  combining  these  values  obtained  by  independent 
routes.  It  is  important  to  note  that  we  have  pushed  the  errors  of  these  critical  mass 
differences  down  by  averaging  several  runs,  with  the  result  that  these  important 
ratios  have  been  measured  to  SxlO'H,  an  accuracy  roughly  a  factor  of  two  be^nd 
that  at  which  our  consistency  checks  indicate  freedom  from  systematic  error.  Thus 
the  quoted  error  depends  on  our  theoretical  analysis  of  systematics. 

The  previously  accepted  values  of  these  mass  differences  from  conventional 
mass  spectrometry  (36)  are  also  listed  in  Table  5.  Our  values  for  AM  are  about  a 
factor  of  10  more  accurate  than  the  prior  values.  The  y)  mass  differences 

are  in  good  agreement;  however,  the  I^N(rt,  y)  mass  differences  do  not  agree, 
differing  by  nine  times  the  reported  uncertainty  in  the  prior  value.  The  cuirent 
y-ray  energy  calibration  (35)  is  based  on  the  inconsistent  prior  value  of  N+  H— 
Isn-Ih.  Unlike  our  redundant  Penning  trap  measurements,  the  earlier  result  was 
based  on  a  single  mass  comparison.  The  improved  mass  difference  obtained  by 
Penning  trap  mass  spectrometry  considerably  increases  the  accuracy  of  the  energy 
calibration  and  suggests  that  an  8  ppm  revision  of  this  calibration  is  necessary. 
This  is  consistent  with  recent  high  precision  measurements  of  y-ray  energies  with  a 
Ge  detector  (37). 


Fundamental  constants 

A  collaboration  of  researchers  using  the  High  Flux  Reactor  in  Grenoble, 
France  is  undertaking  precision  experiments  to  measure  absolute  y-ray  wavelengths 
corresponding  to  the  above  reactions  14n(«,  y),  y),  an(|  lH(n,  y)  (38).  A 

precision  of  ~2xl0'7  is  expected  for  the  effective  wavelengths  X  (after  taking  into 
account  nuclear  recoil)  corresponding  to  the  mass  differences  N+  H—  N—  H 
and  12c+2H-1^C-1H  (39).  When  this  work  is  completed,  the  mass  differences 
would  not  be  needed  for  calibration  purposes.  Instead,  the  precise  masses  and 
wavelengths  could  be  combined  to  determine  the  fundamental  constants  NjJi  and 

a  (40-41).  ^  ^  ^ 

The  molar  Planck  constant  follows  from  the  fact  that  the  neutron 
separation  energies  are  measured  in  different  systems  of  units.  We  measure  the 

Tables.  Mass  differences  for  determining  a  and  differences 

associated  with  the  neutron  capture  reactions  y)  and  '4N(n,  y)  determined  by 

this  experiment  and  by  conventional  mass  spectrometry  (33)  are  listed.  The  new  results 
are  a  factor  of  10  more  accurate  and  show  considerable  discrepancy  with  the  previous 
value  of  '*4n+2h-^^N-^  H. 
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mass  defect  AM  in  (micros^copically  defined)  atomic  mass  units  (u),  while  the 
effective  y-ray  wavelength  X  is  measured  in  S.I.  units  (m).  Equating  the  energies 
in  Equation  (21)  leads  to: 

NAh  =  )^mcx\Q-'^ 

where  the  Avogadro  constant  =  10“^  AM/A/n  is  needed  to  convert  AM  into  the 
mass  difference  Am  (in  kg),  required  in  Equation  (21). 

Another  route  for  the  accurate  determination  of  is  the  precise 
determination  of  h/m  from  measurements  of  the  velocity,  v,  and  deBroglie 
wavelength  of  a  particle,  This  has  been  accomplished  for  the  neutron  at  the 

10'^  level(42),  and  for  Cs  at  the  10'^  level  (43).  is  determined  from  these 
measurements  as  follows: 

N^h  =  ^h  =  M-  =  MXaRV  (26) 

m  m  ^ 

where  the  last  equality  follows  from  the  relation,  X^^=h/mv. 

The  fine  structure  constant  a  can  also  be  determined  from  N/^h,  and  therefore 
from  a  measurement  of  X  and  AM : 

2  2R^fm)N.h  ,„3 

c  [mjM^  (27) 


The  Rydberg  constant  the  proton-electron  mass  ratio  m. /m^ ,  and  the  proton 
atomic  mass  are  known  to  4x10-11  (44),  3x10-9  (45),  and  5x10-1^ (10), 
respectively.  llierefore,  measuring  X  and  AM  with  a  relative  accuracy  of 
-2x10-7  also  would  determine  a  to  10-7.  Although  a  has  been  determined  by 
other  experiments  with  accuracy  as  high  as  10-8,  this  measurement  would  be 
valuable  as  an  independent  check  and  also  to  verify  the  consistency  of  physical 
theories  (46),  especially  QED,  which  currently  gives  the  best  value  of  a  (47). 
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Abstract.  High-accuracy  mass  measurements  can  be  performed  on  short-lived  ra¬ 
dionuclides  with  half-bves  Tj/z  >  by  storing  them  in  ion  traps  or  storage  rings. 
The  masses  of  about  80  isotopes  have  been  determined  with  a  resolving  power  of  typi¬ 
cally  one  million  and  an  accuracy  oiSmf  m  =  10  ^  with  the  tandem  Penning  trap  mass 
spectrometer  ISOLTRAP  installed  at  the  on-line  mass  separator  ISOLDE/CERN. 
Schottky  and  time- of- flight  mass  measurements  will  soon  start  at  the  storage  ring 
ESR  at  GSI/Darmstadt  on  highly  charged  ions  debvered  at  relativistic  energies  from 
the  fragment  separator.  Further  developments  and  projects  are  discussed. 


INTRODUCTION 

The  mass  of  a  quantum  mechanical  system,  i.e.  the  sum  of  the  rest  masses 
of  its  constituents  minus  the  binding  energy  is  it’s  most  fundamental  property 
since  all  forces  acting  in  such  a  system  are  involved  in  it.  In  nuclear  physics, 
precise  masses  are  especially  important  since  an  exact  theory  of  strong  inter¬ 
action  is  still  missing.  A  large  variety  of  nuclear  models  has  been  developed  in 
the  course  of  the  last  decades.  The  comparison  of  the  predictions  of  state  of  the 
art  models  with  experimental  masses  has  led  to  the  development  of  collective 
models  like  the  liquid-drop  model  or  single-particle  models  like  the  (spherical) 
shell  model  and  the  (deformed)  Nilsson  model.  More  accurate  mass  values  as 
well  as  the  extension  of  the  data  set  to  those  of  isotopes  far  from  the  valley  of 
nuclear  stability  have  stimulated  and  still  stimulate  an  on-going  refinement  of 
those  models. 

Today  the  masses  of  around  2000  isotopes  are  known:  stable  isotopes  typ¬ 
ically  with  an  accuracy  of  about  «5m/m  ==:  10'®,  deteriorating  to  about  10" 
for  long-lived  isotopes  and  to  about  10'®  for  short-lived  ones.  This  decrease 
in  accuracy  is  due  to  the  fact  that  almost  all  the  masses  of  radioisotopes  are 
determined  by  Q-value  measurements  in  nuclear  decays  or  reactions. 
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Hence,  the  mass  of  an  isotope  far  from  stability  is  linked  by  many  mass 
differences  to  the  well  known  mass  of  a  stable  isotope.  As  a  consequence,  the 
errors  in  the  mass  differences  accumulate.  In  addition,  Q- value  measurements 
require  the  knowledge  of  the  initial  and  final  nuclear  state,  quite  often  a  diffi¬ 
cult  task  in  case  of  complex  or  unknown  nuclear  level  schemes  and  a  source  of 
many  wrong  entries  in  the  tables  of  nuclear  masses. 

About  4500  -  6000  nuclei  are  assumed  to  exist  as  bound  systems  between 
the  hydrogen  atom  and  the  very  heavy  elements  (with  Z=:109,  meitnerium, 
being  the  last  one  detected)  and  the  neutron  and  proton  drip  lines  (where 
neutrons  and  protons  become  unbound,  respectively).  The  masses  of  neutron- 
rich  isotopes  far  from  the  valley  of  nuclear  stability  are  especially  important, 
since  these  nuclei  were  involved  in  the  nucleosynthesis  (r-process)  of  the  el¬ 
ements  and  the  one-neutron  separation  energy  (5i„)  of  these  isotopes  enters 
exponentially  in  the  rate  equations  modelling  the  element  cooking  process.  Be¬ 
cause  the  r-process  path  runs  so  far  away  from  known  isotopes,  nuclear  models 
or  mass  formulae  have  to  be  used  to  calculate  5in.  The  accuracy  presently 
achieved  for  such  models  is  5m/m  ~  10“^,  corresponding  to  about  IMeV  or 
10%  of  Sin  for  medium  heavy  nuclei.  In  order  to  improve  the  predictive  power 
of  the  models,  high-accuracy  mass  data  are  required  of  radionuclides  as  far  as 
possible  from  the  valley  of  nuclear  stability. 

THE  GOAL 

Short-lived  isotopes  are  produced  by  nuclear  reactions  of  accelerated  par¬ 
ticles  or  neutrons  with  target  atoms.  The  mass  of  the  resulting  radionuclide, 
quite  often  extremely  rare,  should  be  determined  with 

•  high  resolving  power  (in  order  to  resolve  the  ground-state  mass  from  that 
of  the  isomer), 

•  high  accuracy  (to/m  <  10“®), 

•  in  a  short  time  period  (at  least  comparable  to  the  nuclear  half-life  T1/2)) 

•  with  high  efficiency  and, 

•  in  a  direct  or  even  absolute  way  (relative  to  the  mass  of  a  freely  chosen 
reference  isotope  or  relative  to  the  mass  of  establishing  the  atomic 
mass  unit  on  the  microscopic  scale). 

In  the  following,  two  new  approaches  to  accurate  mass  measurements  of 
short-lived  isotopes  are  described  which  both  make  use  of  storage  techniques, 
i.e.  the  observation  of  the  cyclotron  frequency  of  ions  confined  in  Penning 
traps  or  storage  rings  (Fig.  1). 


178  Mass  Measurements  of  Short-Lived  Isotopes 


ION  TRAPS 

(ISOLTRAP  /  ISOLDE,  CERN) 


STORAGE  RINGS 

(ESR  /  GSI,  Darmstadt ) 
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(1GeV  protons) 


proton  Induced 
target 

fission  or  spallation 

ion  source 
(surface  or  plasma) 


ISOLDE 

(dipole  magnet) 


energy  loss  by 
buffer  gas  collisions 
and  dynamic  trapping 

Penning  trap,  end 
cap  distance:  26mm 
Vc  1  MHz 


buffer  gas  and  RF- 
cooling  AE  «  1/10  eV 


RF-excitatlon  at 
cyclotron  frequency 


ejection  and  time- 
of'flight  measurement 


FIGURE  1.  Principle  of  mass  determinations  of  short-lived  isotopes  in 
Penning  trap  and  storage  ring. 


H.-J.  Kluge  et  aL  179 


PENNING  TRAP  MASS  SPECTROMETRY  OF 
SHORT-LIVED  ISOTOPES 


Penning  traps  have  been  proven  to  be  very  effective  instruments  for  high- 
accuracy  mass  determinations  via  the  relation 


(1) 


where  Wf.  is  the  cyclotron  frequency,  q  the  charge  state  and  m  the  mass  of 
the  stored  ion,  e  the  elementary  charge  and  B  the  magnetic  field.  With  these 
devices  a  number  of  stable  or  long-lived  particles,  for  example  the  electron  and 
positron,  electron  and  proton,  proton  and  antiproton,  heliv.m-3  and  tritium, 
and  light  ions  and  molecules  have  been  determined  to  very  high  accuracy  [1- 
6].  However,  the  current  methods  used  in  these  experiments  are  not  readily 
adapted  to  mass  measurements  of  radioactive  isotopes.  In  the  following  the 
special  requirements  which  are  imposed  in  the  case  of  mass  measurements  of 
short-lived  isotopes  will  therefore  be  discussed. 


Resolving  Power 

Due  to  the  superposition  of  an  electrostatic  quadrupole  field  and  a  ho¬ 
mogenous  magnetic  field  the  ion  motion  in  a  Penning  trap  is  not  a  pure 
cyclotron  motion  with  frequency  according  to  (1)  but  consists  of  three 
independent  harmonic  eigen-motions  [7]:  a  reduced  cyclotron  motion  with  fre¬ 
quency  moditied  from  the  pure  cyclotron  motion  by  the  presence  of  the 
electric  quadrupole  field,  an  oscillation  along  the  magnetic  field  lines  with  fre¬ 
quency  and  a  slow  drift  around  the  trap  axis,  called  magnetron  motion, 
with  frequency  Generally, 

0;+  >  .  (2) 

The  energy  of  an  ion  is  therefore  given  as  the  sum  of  the  energies  of  three 
harmonic  oscillators  by 

E  :=  /ia;+(n+  1/2) huj,{n.  +  1/2)  -  1/2)  .  (3) 

Note  that  the  magnetron  motion  is  unstable.  The  eigenfrequencies  a;+, 
a;_,  and  can  be  determinated  by  driving  the  corresponding  motions  with 
oscillating  dipole  fields  (n  — ^  n  +  1)  and  detecting  the  change  of  the  motional 
amplitudes  g  ~  y/n  -f  1.  However,  the  most  direct  approach  is  the  direct 
measurement  of  the  sum  frequency  [8] 


ijjf.  =  . 


(4) 
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The  motion  of  a  trapped  ion  can  be  directly  excited  at  this  frequency  by 
an  azimuthally  quadrupolar  RF-field  [8]  which  leads  to  a  simultaneous  change 
in  quantum  numbers  by 

72+  n^.  +  1;  n_  — ^  n_  -  1  .  (5) 

This  excitation  couples  the  magnetron  and  reduced  cyclotron  motion  so 
that  a  periodic  conversion  from  one  motion  into  the  other  can  be  achieved. 
After  a  particular  excitation  time  an  initially  pure  magnetron  motion 

is  transformed  into  a  pure  cyclotron  motion  which,  according  to  (3),  results 
at  the  same  time  in  an  increase  of  radial  energy.  The  width  of  the  cyclotron 
resonance  curve  Ai/c  is  determined  by  the  Fourier  limit  of  the  driving  RF-field 
switched  on  for  a  time  Trf.  From  [8]  the  relationship  is 

Ai/,(FWHM)  -  O.S/Trp  .  (6) 


FIGURE  2.  Cyclotron  resonances  of  both  the  isomeric  and  ground  state  of 
*^Rb.  The  resolving  power  is  about  R  -  800000.  The  mass  difference  measured 
by  weighing  corresponds  to  464(7)keV  in  full  agreement  with  the 

value  of  AE^  =  463.7(1.0)keV  as  determined  by  7-spectroscopy..  Due  to  the 
limited  statistics  obtained  in  the  on-line  run,  the  data  points  were  fitted  by  a 
Gaussian  (full  line)  instead  of  the  correct  line  profile  (see  Figure  3). 

For  example,  a  singly  charged  ion  of  mass  number  A  -  100  in  a  field  B  =  6T 
has  Uc  ^  IMHz.  Exciting  its  motion  for  Trp  =  800ms  yields  a  line  width  of 
Auc  —  IHz,  corresponding  to  a  resolving  power  of  i?  =  10®.  This  is  more  than 
sufficient  to  discriminate  between  different  isotopes,  more  than  adequate  to 
distinguish  between  isobars  further  away  from  the  valley  of  nuclear  stability, 
and  even  suited  to  resolve  ground  and  isomeric  states  of  an  A  «  100  nucleus 
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with  an  excitation  energy  of  AE  >  lOOkeV,  As  an  example,  Fig.  2  shows  the 
cyclotron  resonance  of  both  the  ground  state  (T1/2  —  32. 9d)  and  the  isomeric 
state  {Tij2  =  20.5min)  of  [9].  Note,  that  nuclei  either  in  the  ground  or 
in  the  isomeric  state  can  be  eliminated  by  RF-excitation  at  the  appropriate 
frequency  a;+.  In  such  a  way  an  isomer  separator  can  be  realized  resulting,  for 
example,  in  an  inverted  population  of  a  nuclear  system. 

Accuracy  and  Calibration 

The  line  profile  of  the  cyclotron  resonance  curve  is  the  Fourier  transform  of 
the  rectangular  RF-pulse  of  duration  Tjip  modified  by  the  periodic  conversion 
of  magnetron  into  cyclotron  motion  and  by  the  transformation  of  radial  energy 
into  a  change  of  time  of  flight  from  the  trap  to  the  detector  when  the  ions  are 
ejected  (see  below).  As  can  be  seen  from  Fig.  3,  the  resonance  profile  is  very 
well  understood.  Hence,  statistical  errors  well  below  =  10”®  can  be 

obtained.  In  order  to  determine  the  mass  of  the  investigated  isotope  via  (1), 
the  magnetic  field  has  to  be  known.  This  can  be  achieved  by  loading  a  stable 
isotope  into  the  trap  the  mass  of  which  is  precisely  known.  In  the  future,  it  is 
planned  to  use  cluster  ions  for  calibrating  the  magnetic  field  which  would 
enable  to  perform  for  the  first  time  absolute  mass  measurements  of  short-lived 
isotopes. 


FIGURE  3.  Cyclotron  resonance  for  *^Rb  {Trp  =  3.6s,  R  =  4  •  10®).  The 
solid  line  represents  a  fit  by  the  theoretical  line  shape. 
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THE  ISOLTRAP  TANDEM  PENNING  TRAP  MASS 
SPECTROMETER 

Figure  4  shows  the  experimental  set-up  of  the  ISOLTRAP  spectrometer 
[10]  at  the  on-line  mass  separator  ISOLDE,  a  powerful  facility  for  the  pro¬ 
duction  of  radioactive  isotopes.  ISOLTRAP  consists  of  two  main  parts,  the 
lower  Penning  trap  in  an  electro  magnet  acting  as  an  ion  beam  accumulator, 
cooler  and  buncher  (trap  1)  and  the  upper  high-precision  trap  (trap  2)  in  a 
superconducting  coil  in  which  the  mass  determination  takes  place. 


FIGURE  4,  The  ISOLTRAP  tandem  Penning  trap  mass  spectrometer  in¬ 
stalled  at  the  on-line  isotope  separator  ISOLDE  at  CERN/Geneva.  The  mass 
separated  ion  beam  from  ISOLDE  enters  from  the  bottom. 
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The  continuous  60keV  ISOLDE  ion  beam  is  collected  on  a  rhenium  foil 
mounted  in  the  lower  endcap  electrode  of  trap  1.  After  a  certain  collection 
time  the  foil  is  rotated  by  180°  and  heated  so  as  to  surface-ionize  the  accu¬ 
mulated  material.  The  ions  released  from  the  foil  are  mass  selectively  cooled, 
and  centered  in  trap  1  by  He  buffer  gas  collisions  (ph^  —  10”^  ~  10'"'*mbar) 
which  damp  the  axial  as  well  as  the  cyclotron  amplitudes.  The  increase  in 
magnetron  radius  is  counteracted  by  RF-excitation  of  the  u^c-resonance  of  the 
ion  under  investigation  (see  Eq.  (5)).  A  fraction  of  about  10“^  to  10“^  of  the 
ions  accumulated  on  the  foil  is  centered  by  this  new  cooling  technique  [11].  Af¬ 
ter  cooling  to  room  temperature,  the  ion  cloud  is  ejected,  accelerated  to  IkeV, 
retarded  again  in  front  of  trap  2  and  captured  there  in  flight.  The  transfer 
between  both  traps  can  be  realized  with  an  efficiency  close  to  100%  [12]. 

The  high-precision  trap  is  placed  in  the  5.7T  field  of  the  superconducting 
magnet.  Deviations  from  the  ideal  quadrupole  field  are  compensated  by  cor¬ 
rection  electrodes  installed  between  the  ring  electrode  and  the  end  electrodes 
and  at  the  holes  in  the  endcaps  required  for  injection  and  ejection  of  ions.  As 
in  trap  1  the  ring  electrode  is  split  into  four  quadrants  to  create  the  azimuthal 
quadrupole  field  for  a;c-^xcitation. 

A  destructive  technique  is  used  to  detect  the  increase  in  radial  energy  (Eqs. 
(3)  and  (5))  as  a  function  of  the  applied  RF-frequency  [13].  After  excitation  for 
a  period  the  ions  are  gently  pulled  from  the  trap  as  short  pulses,  leaving 
the  homogeneous  part  of  the  magnetic  field  and  drifting  along  the  magnetic 
field  lines  to  an  ion  detector  placed  in  the  weak  fringe  field  of  the  magnet. 
As  they  drift,  the  radial  energy  gained  in  resonance  by  the  RF-excitation  is 
converted  into  longitudinal  energy  in  the  inhomogeneous  part  of  the  magnetic 
field.  Therefore,  the  measurement  of  the  drift  time  as  a  function  of  the  applied 
radio  frequency  yields  a  resonance  curve  with  a  minimum  at  +  (J- 

corresponding  to  a  maximum  in  radial  energy. 
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RESULTS 

Up  to  the  present,  cyclotron  resonances  have  been  observed  for  about  80 
different  isotopes  and  isomers  (Table  1).  Three  of  these  isotopes  (”K,  ®^Rb, 
and  ^”Cs)  were  used  as  reference  isotopes.  Results  are  published  in  Refs. 
[10,14-17]. 

Typically,  the  statistical  accuracy  in  on-line  runs  is  of  the  order  of  some  parts 
in  10®.  A  systematic  error  of  1  •  10“*^  is  added  which  takes  care  of  possible 
calibration  errors  (in  first  order  proportional  to  the  mass  difference  of  the 
isotope  under  investigation  and  the  reference  isotope),  jumps  in  the  magnetic 
field,  and  the  accuracy  with  which  the  various  parameters  can  be  controlled 
under  the  condition  of  limited  beam  time. 

One  remarkable  feature  of  the  ISOLTRAP  mass  data  is  that  the  size  of 
the  error  is  almost  constant  being  in  a  first  approximation  only  proportional 
to  the  mass  of  the  isotope  under  investigation  (dashed  lines  in  Fig.  5.).  The 
excellent  agreement  with  earlier  data  [18]  of  superior  accuracy  in  the  mass 
region  84  <  A  <  88  demonstrates  the  reliability  of  the  trap  technique.  For 
isotopes  far  away  from  stability,  Fig.  5  shows  impressively  the  superiority  of 
direct  mass  measurements  over  measurements  of  mass  differences. 

TABLE  1.  Isotopes  for  which  cyclotron  resonances  have  been  determined  by 
use  of  the  ISOLTRAP  mass  spectrometer. 


Element 

Mass  Number 

K 

39 

Rb 

75-89,  90m,  91  -  94 

Sr 

78  -  83,  91  -  95 

Cs 

118  -  121,  122+122m,122m,  123  -  140,  142 

Ba 

124,  126,  128,  138  -  144 

Fr 

209-212,  221,222 

Ra 

226,  230 
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FIGURE  5.  Rubidium  masses  as  a  function  of  mass  number.  Left:  the  dif¬ 
ference  is  plotted  between  the  Penning  trap  data  (zero  line  with  experimental 
errors  given  by  the  dashed  line)  and  a  mass  adjustment  of  all  m2isses  known  up 
to  now  except  the  trap  data  (squares).  Right:  difference  between  the  Penning 
trap  data  (zero  line)  and  a  new  adjustment  of  all  known  mass  data. 

FURTHER  DEVELOPMENTS 

Presently,  the  lower  trap  (Fig.  4)  is  being  replaced  by  a  cylindrical  trap  in 
a  superconducting  magnet.  An  increase  of  the  overall  efficiency  by  about  two 
orders  of  magnitude  to  10"^  is  expected.  In  addition,  the  high  resolving  power 
of  this  trap  oi  R  —  10^  under  cooling  conditions  will  enable  to  eliminate  already 
in  trap  1  contaminations  like  isobars  before  the  ion  cloud  is  transfered  to  the 
precision  trap.  Extension  to  isotopes  of  those  elements  not  surface  ionizable 
will  be  possible  by  laser  desorption  of  the  accumulated  sample  and  resonance 
ionization.  Incorporated  with  this  system  will  be  a  laser  desorption  source  for 
the  creation  of  ionized  carbon  clusters  over  a  wide  mass  range.  These  clusters 
will  be  used  to  calibrate  the  magnetic  field  for  absolute  mass  measurements. 

A  further  approach  is  to  extend  the  tandem  configuration  to  a  triple  trap 
system  by  addition  of  a  Paul  trap  which  collects  the  60keV  ISOLDE  ion  beam 
in-flight  and  cools  the  ions  by  buffer  gas  collisions  [19].  Such  a  system  is  being 
developed  at  McGill,  Montreal.  This  trap  will  have  a  very  large  phase  space 
volume  for  ion  collection  allowing  bunching  efficiencies  considerable  in  excess 
of  2  •  10“*^  obtained  in  a  first  test  by  use  of  a  prototype  [20]. 
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THE  EXPERIMENTAL  STORAGE  RING  (ESR)  AT 
GSI  AS  A  MASS  SPECTROMETER 

Recently,  the  accelerator  complex  at  GSI/ Darmstadt  has  been  extended 
by  the  heavy  ion  synchrotron  SIS  to  a  relativistic  heavy-ion  facility  delivering 
ion  beams  up  to  uranium  with  energies  in  excess  of  IGeV/u,  Radioactive 
beams  might  be  produced  by  use  of  the  fragment  separator  FRS  and  injected 
at  energies  up  to  550MeV/u  into  the  storage  ring  ESR  (Fig.  6). 

Except  for  its  size  (e.g.,  circumference  ==  108m),  such  a  storage  ring  has 
features  very  similar  to  those  of  an  ion  trap  (Fig.  1).  Cooling  of  the  stored 
ions  (to  low  momentum  spread  but  not  to  rest  like  in  traps!)  is  achieved 
by  Coulomb  interactions  with  “cold”  electrons.  These  electrons  are  produced 
from  a  hot  cathode  in  the  electron  cooler  (Fig.  6)  and  accelerated  to  170keV  for 
300MeV /u  uranium  ions.  Since  the  energy  spread  ( AE  O.leV)  is  a  constant 
of  motion,  the  velocity  spread  of  the  electrons  in  longitudincd  direction  is 
reduced  when  thermal  even  at  the  velocity  is  increased  to  /?  =  v/c  ^  0,65.  For 
bare  uranium  ions  at  300MeV/u,  with  an  electron  beam  current  of  200mA, 
and  for  an  interaction  region  of  2m  length,  cooling  times  of  the  order  of  TcooI 
=  0.1  s  and  an  momentum  spread  of  the  stored  ions  of  Ap/p  <  10"® 
were  obtained.  Due  to  the  small  emittance  of  the  cooled  ion  beam  and  the 
ultra-high  vacuum  (<  10"^®mbar),  the  storage  time  r,<ore  is  as  long  as  Ih  for 

U92+^ 


FIGURE  6.  Experimental  Storage  Ring  (ESR)  at  GSI/Darmstadt. 
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Since  the  velocity  of  the  cooled  ion  beam  is  equal  to  the  velocity  of  the 
electrons  in  the  cooler  which  can  easily  be  kept  constant,  a  measurement  of 
the  ratio  of  the  revolution  frequencies  of  two  ion  species  —  1.7MHz  for 
300MeV/u  can  be  used  for  the  determination  of  the  mass  ratio  of  those 

species  very  similar  to  the  Penning  trap  technique. 


Mass  Determination  via  the  Schottky  Signal 

Pick-up  electrodes  mounted  in  the  beam  tube  of  the  ESR  are  used  to 
observe  the  image  currents  induced  by  the  circulating  beam  particles  and,  after 
Fourier  transformation  from  the  time  to  the  frequency  domain,  to  determine 
the  momentum  spread  of  the  stored  ions.  This  tool  for  diagnosis,  the  so-called 
Schottky  signal,  can  also  be  used  to  mecisure  the  revolution  frequency  with 
high  precision  [21].  In  a  pilot  experiment  [22],  the  mass  ratio  of  the  mass 
doublet  I8p9+y20j^gio+  determined  to  agree  with  the  known  value  within 
3-10“^  at  a  level  of  an  accuracy  of  4'10~®. 

Figure  7  shows  the  potential  of  this  technique.  In  the  course  of  the  (suc¬ 
cessful)  search  for  the  bound  /3-decay  of  an  argon  target  in  the  ESR 

was  used  for  detection  of  the  /3-decay  daughter  nucleus  ^®^Ho  [23].  By  nuclear 
(p;xp,yn)-reactions,  neighbouring  isotopes  are  produced  which  show  up  as  ex¬ 
tremely  narrow  peaks  in  the  Schottky  spectrum  (Fig.  7).  The  widths  of  these 
signals  correspond  to  a  momentum  spread  of  Ap/p  %  10“®. 
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FIGURE  7.  Schottky  spectrum  of  stored  and  the  signals  of 

(bound  /3-decay)  and  other  nuclides  produced  by  nuclear  reactions  with  an 
argon  target. 
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Hence,  a  precision  in  frequency  ratios  of  better  than  SvrJvr  —  10“®  is 
obtained  [24].  How  this  transforms  into  accuracy  of  mass  ratios  is  presently 
under  investigation. 

It  should  be  noted  that  mass  measurements  at  storage  rings  provide  the 
mass  of  relativistic,  highly  charged  or  even  fully  stripped  ions  but  not  the  mass 
of  the  neutral  atom.  The  measured  mass  has  to  be  corrected  for  relativistic 
effects,  the  mass  of  the  stripped  electrons  and  their  binding  energies.  This  is 
of  no  concern  in  the  case  of  the  anticipated  accuracy  of  (^m/m  <  10“®.  On  the 
contrary,  measuring  the  revolution  frequency  of  an  ion  in  different  charge  states 
presents  an  excellent  tool  to  search  for  non-linearities  in  the  mass-frequency 
relation. 

Isotopes  with  half-lives  down  to  about  Ti/2  ~  can  be  investigated  with 
the  Schottky  technique.  This  is  due  to  the  time  required  to  prepare  a  cooled 
ion  beam  after  injection  from  the  FRS.  In  the  case  of  highly  charged,  heavy 
ions  the  detection  limit  is  of  the  order  of  1  to  10  ions  of  the  same  isotope  and 
charge  state  stored  at  a  time  in  the  ESR. 


Mass  Determination  via  Time-of-Flight  Measurement 

Another  approach  to  mass  determinations  in  the  ESR  is  the  measurement 
of  the  time  for  one  revolution  in  the  ring  [25,26].  In  this  case,  the  ESR  is 
operated  in  an  isochronous  mode  and  the  measurements  are  performed  on 
“uncooled”  ions  immediately  after  injection  from  the  FRS.  Mass  measurements 
of  single  ions  with  half  lives  of  T  >  1ms  are  planned. 

The  time-of-flight  detector  is  similar  to  the  one  used  in  the  TOFI-experiment 
at  Los  Alamos  [27].  When  the  stored  ion  is  trans versing  a  thin  carbon  foil, 
secondary  electrons  are  ejected.  They  are  detected  by  a  multichannel  plate 
detector  with  a  time  resolution  of  8t  ^  150  ps.  This  corresponds  to  a  time  res¬ 
olution  per  turn  of  3  •  10“^  for  a  typical  revolution  time  of  500  ns.  Since  up  to 
100  revolutions  should  be  observable  per  injected  ion,  the  expected  resolving 
power  is  of  the  order  of  t/ At  —  3  •  10^. 

Still  it  has  to  be  shown  how  to  inject  into  a  storage  ring  operated  in  the 
isochronous  mode  and  how  many  turns  an  ion  will  survive.  First  mass  mea¬ 
surements  are  planned  for  the  second  half  of  1995. 

Mass  Measurements  a  la  the  RF  Smith  Spectrometer 

There  might  be  still  other  possibilities  to  perform  mass  measurements  in 
a  storage  ring.  Consider  two  resonators  producing  an  electric  field  transversal 
(“stochastic”)  or  longitudinal  (RF-Smith)  to  the  path  of  the  ion  in  the  storage 
ring.  If  those  resonators  are  placed  at  exactly  two  opposite  positions  in  the  ring 


H.-J.  Kluge  et  al.  189 


and  are  out  of  phase  by  exactly  180°  after  a  half  turn  of  the  ion  in  the  storage 
ring,  the  transversal  (longitudinal)  energy  picked  up  in  the  first  resonator 
will  exactly  be  compensated  in  the  second  one  as  long  as  the  resonators  are 
operated  at  the  revolution  frequency.  Off  resonance,  the  ion  will  pick  up 
transversal  (longitudinal)  energy  and  get  finally  lost. 

An  ion  stored  in  the  ring  will  perform  many  turns  in  contrast  to  the  two 
revolutions  in  the  RF-Smith  spectrometer.  This  will  increase  the  resolving 
power.  A  further  increase  will  be  obtained  by  operating  the  resonators  at 
higher  harmonics  just  as  in  the  Smith  spectrometer. 

Quantitative  calculations  have  still  to  be  performed  but  the  proposed  tech¬ 
nique  might  have  advantages  in  respect  to  resolution  because  it  avoids  the 
timing  detector  and  possible  changes  in  the  charge  state  of  the  ion  traversing 
the  foil. 


CONCLUSIONS 

Powerful  techniques  for  mass  measurements  of  short-lived  isotopes  have 
been  developed.  A  first  Penning  trap  mass  spectrometer  (ISOLTRAP)  is  op¬ 
erational  at  the  on-line  mass  separator  ISOLDE/CERN  which  has  a  resolving 
power  of  about  one  million  and  an  accuracy  of  <5m/m  =  10“’^.  The  half  life 
limit  at  present  is  about  Tij2  =  Is.  A  similar  spectrometer  is  under  construc¬ 
tion  by  a  Chalk-River-Mannitoba-Montreal  collaboration  [28].  A  RF-Smith 
spectrometer  is  presently  prepared  by  an  Orsay  group  for  mass  measurements 
on  isotopes  with  T1/2  <  Is  [29].  Soon,  mass  measurements  will  also  start 
at  the  storage  ring  ESR  at  GSI  on  highly  charged  ions.  First,  the  Schottky 
technique  will  be  applied  for  mass  measurements  of  isotopes  with  Ti/2  >  Is. 
Later  the  time-of-flight  method  will  be  used  for  isotopes  with  half-lives  in  the 
region  of  less  than  one  second  down  to  1ms.  At  Stockholm,  the  SMILETRAP 
[30]  is  coupled  to  the  electron  beam  ion  source  CRYSIS  of  the  storage  ring 
CRYRING.  Here,  mass  measurements  of  stable,  highly  charged  ions  up  to  the 
completely  stripped  nucleus  are  measured  with  an  accuracy  of  some  parts  in 
10^ 

Obviously,  storing  techniques  have  led  to  a  breakthrough  in  mass  spec¬ 
trometry. 
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Abstract.  This  paper  presents  new  experimental  realizations  of  sub¬ 
recoil  laser  cooling  by  velocity  selective  coherent  population  trapping 
(VSCPT).  Starting  from  a  cloud  of  trapped  and  precooled  metastable 
helium  atoms,  it  has  been  possible  to  achieve  a  VSCPT  interaction  time 
of  500  //s.  This  has  enabled  the  momentum  distribution  to  be  com¬ 
pressed  along  one  or  two  orthogonal  axes  to  better  than  6p  =  hk/4 
where  kk  is  the  photon  momentum.  The  corresponding  temperature  is 
at  least  16  times  smaller  than  the  single  photon  recoil  limit,  and  the 
de  Broglie  wavelength  of  the  atoms  is  at  least  4  times  larger  than  the 
wavelength  of  the  laser  used  to  cool  the  atoms.  Recent  theoretical  devel¬ 
opments  are  also  described,  establishing  a  connection  between  subrecoil 
cooling  and  Levy  flights  and  allowing  one  to  get  anal^ytical  expressions 
for  the  proportion  of  cooled  atoms  in  the  long  time  limit.  Finally,  the 
possibility  of  increasing  the  efficiency  of  VSCPT  by  Sisyphus  precooling 
IS  briefly  mentioned. 


INTRODUCTION 

Reducing  the  velocity  spread  6i>  of  an  ensemble  of  atoms,  which  amounts 
to  cooling  their  translational  degrees  of  freedom,  opens  the  way  to  various 
interesting  applications  in  atomic  physics  :  longer  observation  times  allowing 
more  precise  measurements,  longer  de  Broglie  wavelengths  which  can  be  useful 
in  new  research  fields  like  atomic  interferometry,  and  the  search  for  quantum 
statistical  effects.  Figure  1  summarizes  a  few  important  steps  which  have  been 
achieved  in  this  domain  during  the  last  25  years. 

The  advent  of  tunable  lasers  in  the  earl}'-  seventies  gave  access  to  the  homo¬ 
geneous  width  r  of  an  atomic  transition,  by  selecting  a  group  of  atoms  having 
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FIGURE  1:  A  few  important  landmarks  in  the  velocity  scale  corresponding  to 
various  velocity  selection  or  cooling  mechanisms. 

a  velocity  spread  <5i’hom  such  that  the  Doppler  effect  associated  with  ^Uhom  is 
equal  to  T  : 

=  E  (1) 

For  example,  a  monochromatic  laser  light  “burns”  a  hole  with  a  width 
in  the  Doppler  profile  of  an  atomic  vapor.  Other  sub- Doppler  schemes  in  laser 
spectroscopy  use  nonlinear  effects  such  as  saturated  absorption  or  two  photon 
absorption  processes  from  two  counterpropagating  laser  beams  (1).  Note  that 
all  these  methods  use  a  velocity  selection  mechanism  and  do  not  compress  the 
atomic  velocity  distribution. 

The  Doppler  cooling  method,  proposed  in  the  mid  seventies  (2),  produces 
a  compression  of  the  velocity  distribution  by  introducing  a  velocity  damping 
force  due  to  a  Doppler  induced  imbalance  between  the  radiation  pressure  forces 
exerted  by  three  sets  of  counterpropagating  laser  beams.  The  laser  beams  are 
detuned  slightly  to  the  red  of  the  atomic  transition,  so  that  the  detuning  : 

8  =  uJi  —  uja  (^) 

between  the  laser  frequency  oJi  and  the  atomic  frequency  is  negative.  An 
atom  subjected  to  such  a  set  of  laser  beams  is  said  to  be  in  an  optical  molasses, 
due  to  the  strong  viscous  damping  forces  it  experiences.  The  theory  of  Doppler 
cooling  (3)  shows  that  there  is  a  lower  limit  Td  to  the  temperature  which  can 
be  achieved  by  such  a  method,  whose  order  of  magnitude  is  given  by  : 

k^To  ~  nr  (3) 

(ks  :  Boltzmann  constant),  this  minimum  temperature  being  reached  when 
8  =  -r/2.  The  corresponding  velocity  spread  ^uoop  is  thus  given  by  : 

A/8vl^^  -  nr  (4) 

where  we  have  dropped  factors  of  two  (Af  is  the  mass  of  the  atom).  Equa¬ 
tion  (4)  may  be  written  : 
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We  have  used  (1)  and  introduced  the  recoil  kinetic  energy  : 


(5) 


En 


2M 


(6) 


of  an  atom  absorl)ing  or  emitting  a  single  photon  with  momentum  fik.  For 
most  optical  lines,  the  recoil  energy  Efi  is  much  smaller  than  ^F,  so  that  : 


e  = 


We  conclude  that  (^uoop  is  much  smaller  than  (^Uhom  : 


(7) 


^^Dop  —  V^^^’hom  ^  (8) 

In  1988,  it  became  clear  that  other  cooling  mechanisms,  more  efficient 
than  Doppler  cooling,  were  operating  in  optical  molasses  (4).  Among  the  new 
cooling  mechanisms,  using  optical  pumping,  light  shifts  and  laser  polarization 
gradients,  a  particularly  efficient  one  is  the  so-called  Sisyphus  cooling  mech¬ 
anism,  where  the  moving  atom  is  running  up  potential  hills  more  frequently 
than  down  (5).  The  quantum  theory  of  Sisyphus  cooling  (6)  shows  that  there 
is  a  lower  limit  to  the  velocity  spread  which  can  be  achieved  by  Sisyphus 
cooling.  One  find  that  : 

Sv  >  6vyf,c  =  hk/M  (9) 

Using  (5),  (6),  (7)  and  (9),  one  gets  : 
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(10) 


The  same  reduction  factor,  ^/6,  appears  for  Sv  when  one  goes  from  Doppler 
cooling  to  Sisyphus  cooling  as  when  one  goes  from  velocity  selection  in  laser 
spectroscopy  to  Doppler  cooling. 


~  \/eSvr>op  ^  eSvu^^  (11) 

Subrecoil  cooling  corresponds  to  a  situation  where  : 

Sv<SVrec  (12) 

The  present  paper  is  devoted  to  the  description  of  recent  experimental  and 
theoretical  advances  in  this  field.  After  a  brief  review  of  subrecoil  cooling, 
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we  describe  a  new  generation  of  experiments  using  velocity  selective  coherent 
population  trapping  (VSCPT),  which  lead  to  values  of  Sv  significantly  smaller 
than  Svrec  in  one  and  two  dimensions.  We  then  review  new  theoretical  ap¬ 
proaches  well  adapted  to  the  long  time  limit  where  the  standard  methods  of 
quantum  optics  (optical  Bloch  equations)  become  inappropriate.  Finally,  we 
briefly  discuss  the  possibility  of  combining  VSCPT  and  Sisyphus  cooling. 

BRIEF  REVIEW  OF  SUBRECOIL  COOLING 
General  Considerations 


We  first  note  that  subrecoil  cooling  results  in  a  delocalization  of  atoms  in 
the  laser  wave.  Condition  (12),  which  according  to  (9)  can  also  be  written  : 

Sp  <  tik  (13) 

where  p  =  Mv  is  the  atomic  momentum,  is  equivalent  to  : 

Subrecoil  cooling  thus  corresponds  to  a  situation  where  the  de  Broglie  wave¬ 
length  XoB  of  tbe  atoms  is  larger  than  the  wavelength  Xl  of  the  laser  used 
to  cool  them.  The  spatial  extent  of  the  wave  packets  describing  the  center  of 
mass  of  the  atom  can  no  longer  be  neglected  and  a  full  quantum  treatment  of 
atomic  motion  is  needed. 

A  second  important  consequence  of  equation  (13)  is  that  spontaneous  emis¬ 
sion  must  be  avoided  for  atoms  cooled  below  the  single  photon  recoil  limit, 
because  spontaneous  emission,  which  occurs  in  random  directions,  would  com¬ 
municate  to  the  atoms  a  random  recoil  Sp  on  the  order  of  tik.  In  other  words, 
ultracold  atoms  must  be  prevented  from  absorbing  light. 

Up  to  now,  two  subrecoil  schemes  (7)  (8)  have  been  proposed  and  demon¬ 
strated  (9).  The  first  one,  which  uses  VSCPT  (7)  (10),  is  based  on  a  combi¬ 
nation  of  two  effects  :  (i)  the  existence  of  certain  atomic  states  |^p^)  which 
are  not  coupled  to  the  lasers  and  which,  for  p  small  enough,  are  perfect  traps 
in  momentum  space,  and  (ii)  a,  random  walk  of  atoms  in  momentum  space 
due  to  exchange  of  momentum  with  photons  during  fluorescence  cycles,  which 
allows  atoms  to  diffuse  from  non  trapping  states  with  p  ^  0  to  trapping  states 
p  ~  0  where  they  accumulate.  The  second  scheme  (8)  uses  an  appropriate 
sequence  of  stimulated  Raman  and  optical  pumping  pulses  tailored  in  such  a 
way  that  atoms  are  pushed  in  momentum  space  towards  the  zone  p  0  where 
no  resonant  light  can  excite  them. 
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General  Expression  of  the  Trapping  State  for  a 
Jg  —  1  < — >  Je  =  I  Transition 

In  this  paper,  we  focus  on  VSCPT.  We  describe  new  experimental  real¬ 
izations  of  VSCPT  in  one  (11)  and  two  (12)  dimensions,  using  the  transition 
2^Si  < — y  2^ Pi  of  Helium.  It  will  thus  be  useful  to  give  an  expression  of  the 
trapping  state  for  a,  Jg  =  I  < — >  =  I  transition,  valid  in  any  dimension. 

Other  transitions  have  been  considered  in  the  literature  (13). 

We  will  follow  here  the  method  of  OPshanii  and  Minogin  (14).  In  the 
lower  state  g,  the  atom  can  be  considered  as  a  spin-1  particle,  because  Jg  = 
1.  Consequently,  its  state  is  described  by  a  wave  function  «(r),  which  is  a 
vector  field.  Similarly,  the  state  of  the  atom  in  the  excited  state  e  (with 
Je  —  1)  is  described  by  a  vector  field  ^(r).  Finally,  there  is  in  the  atom-laser 
interaction  Hamiltonian  Val  a  third  vector  field,  the  laser  electric  field  Ejr,(r). 
Let  Ej(r)  and  EL(r)  be  the  positive  and  negative  frequency  components  of 
EL(r),  respectively.  The  transition  amplitude  induced  by  Val  between  g  and 
e  may  be  shown  to  be  proportional  to  the  following  integral  : 

J  d\  #*(r)  ■  [Ej;(r)  X  ^(r)]  (15) 

which  is  in  fact  the  only  scalar  which  can  be  constructed  from  the  three  vec¬ 
tor  fields  4&*(r),  E'lir),  ^(r).  Such  a  result  can  also  be  directly  checked  by 
expanding  ’^(r)  and  $*(r)  on  an  orthornormal  basis  of  Zeeman  sublevels  and 
by  using  the  Clebsch-Gordan  coefficients  of  the  transition  Jg  =  1  < — v  Je  =  1. 
Suppose  now  that  we  take  : 

^(r)  -  o(r)E+(r)  (16) 

where  cv(r)  is  any  scalar  function  of  r.  It  is  then  clear  that  the  integral  of  (15) 
vanishes  for  all  $'^(r).  This  means  that  the  states  (16)  are  not  coupled  by  the 
laser  to  the  excited  state.  Expanding  a(r)  in  plane  waves  exp(?‘p  •  r/^),  one 
gets  a  set  of  non  coupled  states  labelled  by  p  : 

»Pp'^(r)  =  Ej(r)exp(*p- r/fi)  (17) 

If  we  take  p  =  0  in  (17),  we  get  a  particularly  important  state  : 

®^(r)  =  ®NC(r)  =  E^r)  (18) 

Because  of  the  monochromaticity  of  the  laser  field,  all  wave  vectors  k,  appear¬ 
ing  in  the  plane  wave  expansion  of  E]f(r)  : 
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EjCr)  -  •  r)  (19) 

have  the  same  modulus  |ki|  —  uJifc  =  k.  It  follows  that  the  state  (18)  is  not 
only  a  non  coupled  state  as  (17),  but  is  also  an  eigenstate  of  the  kinetic  energy 
operator  PV2M.  This  ensures  that  will  not  be  destabilized  by  a  motional 
coupling  induced  by  F^I2M  between  and  other  ground  states  coupled  to  e. 
The  state  is  therefore  a  perfect  trap  for  atoms,  sometimes  called  a  “dark” 
state. 

Replacing  in  (17)  Ej(r)  by  (19),  one  sees  that  the  states  (17)  with  p 
0  are  linear  superpositions  of  plane  waves  with  wave  vectors  ki  +  p/^* 
general,  these  wave  vectors  do  not  have  the  same  modulus,  and  (17)  is  not 
an  eigenstate  of  P^/2A/.  There  are  motional  couplings,  proportional  to  kj 
p/M,  which  destabilize  the  states  (17)  and  introduce  a  photon  absorption 
rate  r{^c(p)  ^^ese  states,  proportional  to  p^  (if  |p|  is  small  enough). 

Such  an  absorption  is  then  followed  by  a  spontaneous  emission  process,  which 
introduces  a  random  change  of  momentum  and  allows  atoms  to  diffuse  in 
momentum  space.  The  smaller  |p|,  the  smaller  is  the  diffusion  rate.  Atoms 
thus  progressively  accumulate  in  a  set  of  states  ^p^(r),  with  |p|  distributed 
over  a  range  Sp  around  the  value  p  =  0  corresponding  to  the  perfectly  dark 
state  (18).  Arguments  similar  to  those  used  in  (10)  show  that  Sp  decrease  as 
l/y/Q  where  0  is  the  laser-atom  interaction  time. 

In  fact,  several  perfectly  dark  states  can  exist  for  a.  given  laser  configura¬ 
tion.  The  conditions  for  having  a  single  dark  state,  which  are  discussed  in 
reference  14,  are  fulfilled  for  all  the  experiments  described  in  this  paper. 

NEW  GENERATION  OF  EXPERIMENTS 

The  new  experimental  scheme  (11)  (12)  has  been  radically  altered  from  the 
initial  one  (7),  in  order  to  achieve  much  longer  atom-laser  interaction  times  and 
to  confine  atoms  in  a  smaller  volume.  Instead  of  applying  the  VSCPT  laser 
beams  to  a  supersonic  beam  of  metastable  helium  atoms,  we  now  start  with 
atoms  precooled  to  ~200/T\  in  a  magneto-optical  trap  (15)  (16).  The  trap  is 
loaded  from  a  cryogenic  (6K)  beam  of  He*  in  the  2^5i  state,  decelerated  by 
radiation  pressure  using  a  Zeeman  slowing  technique  (17).  The  trap  contains 
~  10^  He*  atoms  in  a  volume  of  ~  Imm^,  forming  a  well  localized  source 
of  slow  atoms  upon  which  to  perform  further  cooling.  The  trap  is  shut  off, 
and  the  beams  for  the  VSCPT  cooling  process,  tuned  to  the  2^5i  < — ^  2^P i 
transition,  are  pulsed  on.  All  of  the  VSCPT  beams  are  derived  fiom  the 
same  laser,  thus  ensuring  phase  coherence.  During  the  time  of  the  VSCPT 
cooling,  the  atoms  move  less  than  1  mm,  after  which  they  follow  ballistic 
trajectories  under  the  influence  of  gravity.  Atoms  are  detected  5  cm  below  the 
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trap  by  means  of  a  microchannel  plate  detector.  The  initial  temperature  of  the 
trapped  cloud  of  atoms  is  measured  by  switching  off  the  trap  and  observing 
the  time  of  flight  distribution  as  the  atoms  fall.  The  observed  distribution,  in 
which  both  the  initial  velocity  and  gravity  play  important  roles,  peaks  around 
45  ms.  The  corresponding  initial  rms  velocity  in  60  cm/s,  corresponding  to 
a  temperature  of  180  /i/f.  High  spatial  resolution  (0.5  mm)  is  obtained  by 
accelerating  the  output  of  the  microchannel  plate  toward  a  phosphor  screen, 
and  the  resulting  blips  of  light  are  recorded  with  a  triggered  CCD  camera  which 
provides  temporal  resolution.  For  more  experimental  details,  see  references 
(11)  and  (12). 


ID  Experiments 

The  laser  configuration  is  formed  by  two  counterpropagating  beams  along 
the  x-axis  with  and  polarizations.  According  to  equation  (18),  the  trap¬ 
ping  state  is  then  a  linear  superposition  of  two  de  Broglie  waves  with  wave 
vectors  ±k  along  the  x-axis.  One  thus  expects  that,  after  the  VSCPT  cool¬ 
ing  process,  atoms  have  been  pumped  into  a  linear  superposition  of  two  wave 
packets  moving  with  momenta  along  the  x-axis.  Since  no  cooling  takes 
place  along  the  y  and  z  axes,  the  velocity  spread  along  these  two  axes  is  the 
same  as  in  the  magneto-optical  trap.  Atoms  are  detected  on  the  microchan¬ 
nel  plate  detector  a  time  tj  (30-80  ms)  after  the  VSCPT  cooling  beams  are 
turned  off,  within  a.  temporal  window  r.  By  varying  ry,  one  can  probe  the 
(uncooled)  vertical  velocity  distribution,  and  by  varying  r,  one  can  select  the 
time  resolution.  Images  from  the  CCD  camera  are  digitized  in  a  PC  and  the 
entire  process  is  repeated.  The  images  are  averaged  in  software. 

The  left  part  of  figure  2  gives  an  example  of  atomic  position  distribution 
obtained  after  a  single  release  from  the  trap.  Each  dot  corresponds  to  a  single 
He”*  atom.  The  right  part  of  the  figure  is  obtained  after  averaging  over  80  single 
releases.  One  clearly  sees  the  double  band  structure  which  is  the  signature  of 
VSCPT  cooling  along  the  laser  axis  (x-axis).  Note  that  there  is  no  cooling 
along  the  y-axis.  Here  the  VSCPT  interaction  time  was  0—400  /<s,  about  one 
order  of  magnitude  longer  than  the  interaction  time  in  the  first  experimental 
realization  of  VSCPT  (7). 

The  observed  width  of  each  band  of  figure  2  is  manifestly  smaller  than 
the  spacing  between  the  bands  which  corresponds  to  2hk.  This  is  a  clear  in¬ 
dication  of  cooling  below  the  recoil  limit.  The  intensity  at  the  center  of  each 
band  is  increased  by  a  factor  5  when  the  VSCPT  beams  are  applied,  a  sign 
of  real  cooling  (increase  of  the  density  in  momentum  space).  The  width  of 
each  band  reflects,  in  addition  to  the  final  VSCPT  momentum  distribution, 
contributions  due  to  the  size  of  the  cloud  of  trapped  atoms,  the  size  of  the 
blips  of  light  emitted  by  the  phosplior,  and  the  dispersion  of  atom  arrival 
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FIGURE  2:  Atomic  distribution  on  the  detector  obtained  by  ID-VSCPT.  (Inter¬ 
action  time  0— 400;fs,  Rabi  frequency  Q  ~  F,  t/  —  45  ms,  r—Vd  ms).  The  left 
part  is  obtained  after  a  single  release  from  the  trap.  The  right  part  is  obtained 
after  averaging  over  80  single  releases.  The  separation  of  the  two  bands  is  0.9  cm. 
For  larger  values  of  r/,  it  can  reach  1.4  cm. 

times  during  the  observation  time  r.  As  explained  in  reference  (11),  one  can 
extract  the  contribution  of  the  velocity  spread  of  the  cooled  atoms  along  the 
x-axis.  One  finds  8v  =  SpjM  ~  2  cms~^  (half  width  at  l/i/e),  which  cor¬ 
responds  to  Spltih  =  1/4.5.  Converting  this  into  an  effective  temperature  by 
=  (8pY I2M,  one  finds  T  ~  Tr/20  ==  2007?/v,  where  Tr  is  the  recoil 
temperature  defined  by  kRTRl2  =  Er  =  h^k^l2M.  Note  that  we  introduce 
here  a  temperature  T*  as  a  convenient  indicator  of  the  width  of  the  peaks  of 
the  momentum  distribution,  rather  than  in  a  strict  thermodynamic  sense. 


2D  Experiments 

The  laser  configuration  now  consists  of  four  counterpropagating  beams 
along  the  x  and  y  axes,  with  and  polarizations  (Fig.  3).  In  equation 
(19),  A  =  4,  ki  ^  -f  H’,  k2  ^  -H-,  ka  =  -^ky,  k4  =  -ky.  One  thus  expects 
that,  after  such  a  laser  configuration  has  been  applied  for  a  time  0  to  an  atom, 
the  state  of  this  atom  will  be  a  linear  superposition  of  four  wave  packets  with 
mean  momenta  ±tikx,  ±hky.  Thus,  on  the  detector  plane,  one  should  observe 
four  spots  separated  by  a  distance  2tikTj  jM^  where  tj  is  the  flight  time  to  the 
detector,  the  width  of  these  spots  decreasing  as  1/ \/0. 

An  example  of  atomic  position  distribution  detected  on  the  microchannel 
plate  is  shown  in  figure  4.  The  figure  is  obtained  by  averaging  over  25  consec¬ 
utive  single  releases  from  the  trap,  for  each  of  which  the  camera  was  exposed 
from  45  ms  to  65  ms  after  the  VSCPT  interaction.  The  four  peaks  are  clearly 
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FIGURES:  Principle  of  the  2D-VSCPT  experiment.  By  interacting  with  the  four 
VSCPT  cooling  beams,  atoms  are  pumped  into  a  coherent  superposition  of  four 
wave  packets  whose  centers  follow  ballistic  trajectories  to  the  position  sensitive 
detector  located  5  cm  below. 


FIGURE  4:  Atomic  position  distribution  on  the  detector  obtained  by  2D-VSCPT 
(Interaction  time  0=5OO/xs,  Rabi  frequency  f)=0.8r,  detuning  6  ~0.5r,  tj  = 
55  ms,  r=20  ms).  The  image  is  obtained  after  averaging  over  25  single  releases. 
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resolved.  As  for  the  ID  experiment,  tlie  detected  peaks  contain  instrumental 
broadenings  in  addition  to  the  atomic  momentum  spread  (size  of  the  cloud  of 
trapped  atoms,  size  of  the  blips  of  light,  dispersion  of  arrival  times).  An  upper 
bound  to  the  momentum  spread  is  obtained  by  neglecting  the  initial  cloud  size 
and  the  imperfect  detector  resolution.  From  the  width  of  the  peaks,  we  de¬ 
duce  a  momentum  spread  (half  width  at  l/\/e)  Sp  —  4.  The  corresponding 

effective  temperature  is  T  ~  Tfill6.  These  values  of  Spjhk  and  TjTn  are  the 
lowest  ever  achieved  in  2D  subrecoil  cooling  (18). 

An  important  issue  is  whether  the  VSCPT  process  actually  increases  the 
density  in  momentum  space  or  merely  acts  to  select  atoms  within  a  small 
velocity  group.  The  answer  is  dependent  on  the  laser  parameters.  Figures  5a 
and  5b  describe  how  the  momentum  distribution  varies  with  the  laser  power 
and  the  detuning.  The  heavy  lines  represent  a  profile  of  one  of  the  spots  of 
Fig.  4  taken  in  the  direction  perpendicular  to  the  recoil  momentum.  In  this 
direction,  the  broadening  due  to  the  dispersion  of  arrival  times  is  absent.  The 
thin  lines  correspond  to  the  uncooled  ditribution. 

It  appears  in  figure  5a  that  the  efficiency  of  VSCPT  increases  with  the 
laser  power.  When  Q  increases,  the  peak  of  the  cooled  distribution  becomes 
higher  than  the  uncooled  distribution  (which  is  a  signature  of  cooling),  while 
the  width  of  the  peak  increases,  in  agreement  with  theoretical  predictions  (10). 

Figure  5b  shows  that  the  efficiency  of  2D-VSCPT  is  higher  for  a  blue  detun¬ 
ing  (6  =  cJz,  —  >  0))  than  for  a  red  one  {S  =  ul  —  <  0) .  We  will  come 

back  to  this  point  in  the  last  section  of  this  paper  devoted  to  the  discussion  of 
possible  Sisyphus-type  friction  mechanisms. 


A  Few  Prospects 


The  previous  results  demonstrate  that  VSCPT  is  a  pratical  means  for 
achieving  a  significant  subrecoil  laser  cooling  in  one  or  two  dimensions.  The 
final  temperature  T,  expressed  in  units  of  the  recoil  temperature  T/?,  is  about 
the  same  in  both  cases  :  TjTpt  ~  1/20  or  1/16.  One  can  hope  to  reduce  this 
temperature  by  another  order  of  magnitude  by  increasing  the  interaction  time 
to  a  few  ms.  Further  study  is  required  to  thoroughly  understand  the  limi¬ 
tations  imposed,  for  example,  by  the  residual  stray  magnetic  field,  imperfect 
laser  beam  polarization,  imperfect  vacuum,  and  multiple  scattering  of  resonant 
light. 

An  interesting  feature  of  VSCPT  is  that  atoms  are  prepared  in  a  coher¬ 
ent  superposition  of  wave  packets  whose  centers,  in  our  work,  are  sepaiated 
by  macroscopic  distances,  on  the  order  of  1  cm.  An  obvious  challenge  is  to 
recombine  the  two  stripes  of  figure  2  or  the  four  beams  of  figure  3  in  order  to 
observe  interference  and  thus  demonstrate  the  coherence. 


FIGURE  5:  a  -  Influence  of  the  laser  power  on  VSCPT  efficiency.  The  detuning 
is  fixed  at  ^  =  0.55r  and  the  interaction  time  at  0  —  500  /.is.  Each  curve 
corresponds  to  a  different  value  of  the  Rabi  frequency  Q.  h  -  Influence  of  the 
detuning  on  VSCPT  efficiency.  The  Rabi  frequency  is  fixed  at  n=0.8r  and  the 
interaction  time  at  0  =  500  fis.  Each  curve  corresponds  to  a  different  value  of 
the  detuning  S  =  uJi  —  uja^  For  both  figures,  the  heavy  and  thin  lines  correspond 
to  the  cooled  and  uncooled  momentum  distributions,  respectively. 
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The  experiments  described  here  can  be  extended  to  three  dimensions.  Dur¬ 
ing  an  interaction  time  of  1  ms,  the  velocity  change  due  to  gravity  is  1  cms  , 
which  remains  small  compared  to  the  recoil  velocity  of  He  (9.2  cms  .  One 
can  therefore  neglect  gravity  during  a  VSCPT  cooling  process  lasting  for  less 
than  1  ms.  Generalizing  to  six  laser  beams  with  counterpropagating  (7+  and 
cr"  beams  along  each  axis,  one  expects  to  get  a  linear  superposition  of  six 
wave  packets  falling  with  well  defined  initial  velocities.  Since  there  is  now  no 
uncooled  velocity  component,  it  is  no  longer  necessary  to  trigger  the  detec¬ 
tor  and  one  expects  to  observe  wave  packets  arriving  at  different  times  (and 
different  positions)  because  they  start  with  different  initial  velocities.  Exper¬ 
iments  of  this  type  are  under  way  and  encouraging  preliminary  results  have 
been  obtained. 

NEW  THEORETICAL  DEVELOPMENTS 
Connection  with  Levy  Flights 

Making  quantitative  predictions  of  the  efficiency  of  VSCPT  in  the  long 
time  limit  (0  — ^  oo)  seems  rather  difficult.  Because  atoms  are  delocalized  in 
the  laser  wave  when  Sp  <  fik^  all  atomic  degrees  of  freedom  must  be  treated 
quantum  mechanically.  All  of  the  usual  treatments  (19),  leading  to  a  Fokker 
Planck  equation  description  of  atomic  motion  through  an  expansion  of  the 
density  matrix  elements  in  powers  of  tikjSp,  cannot  be  applied  here  because 
hk/Sp  is  not  a  small  parameter.  Furthermore,  the  fact  that  no  steady  state 
exists  for  VSCPT  complicates  the  search  for  a  numerical  solution  of  the  optical 
Bloch  equations  in  the  limit  0  — >  oo. 

During  the  last  few  years,  new  theoretical  approaches  have  been  developed 
for  circumventing  these  difficulties.  Monte  Carlo  simulations  of  the  time  evo¬ 
lution  of  a  single  atom  in  VSCPT  have  been  made  (20).  Such  a  time  evolution 
consists  of  a  sequence  of  quantum  jumps  occurring  at  random  times  and  asso¬ 
ciated  with  spontaneous  emission  processes.  Between  two  successive  quantum 
jumps,  a  coherent  evolution  period  takes  place,  associated  with  absorptions 
and  stimulated  emissions  of  laser  photons.  The  simulation  uses  the  so  called 
“delay  function”  which  gives  the  distribution  of  the  time  intervals  between  two 
successive  spontaneous  emissions  (21).  As  in  the  Wave  Funtion  Monte  Carlo 
approach  (22),  the  description  of  the  atomic  state  by  a  wave  function  rather 
than  by  a  density  matrix  simplifies  the  numerical  calculations  which  can  be 
extended  to  much  longer  times.  Furthermore,  such  Monte  Carlo  simulations 
provide  a  better  physical  understanding  of  VSCPT.  They  clearly  show  that 
the  smaller  the  atomic  momentum  p,  the  longer  the  delay  between  two 
successive  spontaneous  emission  jumps,  which  is  the  principle  of  VSCPT. 
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There  is  another  striking  feature  of  the  Monte  Carlo  simulations  of  VSCPT 
[see  for  example  figure  1  of  reference  (23)]  which  suggested  a  completely  new 
statistical  approach  for  such  a  cooling  scheme.  The  random  sequence  of  time 
intervals  is  dominated  by  a  few  terms,  the  longest  ones,  which  are  on  the 
order  of  the  total  observation  time.  This  uncommon  domination  of  a  random 
sequence  by  rare  events  is  a  signature  of  “Levy  flights”  and  “broad”  distribu¬ 
tions  (24)  (25),  in  sharp  contrast  with  the  usual  Brownian  motion  statistics 
encountered  in  other  cooling  schemes.  In  fact,  one  can  show  (23)  that  VSCPT 
provides  simple  examples  of  Levy  flights.  Using  the  statistical  properties  of 
Levy  flights,  one  can  then  derive  new  analytical  results  for  the  asymptotic 
properties  of  VSCPT  in  the  limit  0  — oo  (23). 

More  precisely,  one  can  define  in  the  neighbourhood  of  p  =  0  a  very  narrow 
trapping  zone  |p|  <  Ptrap-  When  the  atomic  momentum  lies  in  this  zone,  the 
atom  is  considered  as  being  trapped.  Then,  after  a  certain  time,  the  atom 
leaves  the  trap,  diffuses  out  of  the  trap  before  returning  to  the  trap,  and  so  on. 
The  temporal  evolution  of  the  atom  thus  appears  as  a  sequence  of  trapping 
periods  where  |p|  <  ptrap,  with  duration  tj,  T2...,  alternating  with  diffusion 
periods  where  |p|  >  ptrap,  with  durations  U,  f2,..  The  f/^i  are  actually  “first 
return  times”  in  the  trap.  Consider  2N  successive  alternating  trapping  and 
diffusion  periods,  with  N  ^  and  let  T(N)  —  Yl!i=\  '’’i  be  the  total  trapping 
time,  and  T(N)  =  total  escape  time.  Understanding  how  T(A^) 

and  T{N)  grow  with  N  is  important  for  predicting  the  proportion  of  cooled 
atoms  in  the  limit  0  — v  oo.  Since  the  r/5  are  independent  random  variables, 
as  well  as  the  f/5,  one  needs  only  to  find  their  probability  distributions  P{t) 
and  P  (f) . 

In  fact,  from  the  physics  of  VSCPT,  more  precisely  from  the  p  — dependence 
of  the  photon  absorption  rate  for  p  — >  0  and  p  — >  00,  one  can  determine 
the  asymptotic  behaviour  of  P{t)  and  P  (r)  at  large  r  and  f.  The  important 
point  is  that  these  distributions  are  broad.  In  several  cases,  they  behave 
as  for  P{t)  and  as  f-P+^)  for  P  {t)  .  For  example,  for  ID-VSCPT 

one  finds  p=l/2  and  ft  =  1/4.  The  distributions  P{t)  and  P  (t)  are  then  so 
broad  that  (r)  and  (f)  are  infinite.  Consequently,  the  central  limit  theorem 
(CLT)  does  not  apply  to  the  sums  T{N)  and  T{N).  It  must  be  replaced  by 
a  generalized  CLT,  established  by  Levy  and  Guedenko  [see,  e.g.,  (25)  for  a 
concise  account].  If  0  <  p,//.  <  1,  one  finds  that  T{N)  and  T(N)  do  not  grow 
as  N  for  large  A^,  but  rather  as  jf  total  time  spent 

by  the  atom  outside  the  trap  predominates  over  the  total  time  spent  in  the 
trap  at  large  N,  and  one  expects  that  the  proportion  /  of  cooled  atoms  tends 
to  0  when  0  — >  00.  In  other  cases,  in  which  p  =  /I,  T{N)  and  T{N)  have  the 
same  A^ —  dependence,  so  that  /  is  expected  to  tends  towards  a  constant  when 
0  — >  00.  Finally,  it  may  happen,  for  example  in  the  presence  of  a  friction 
mechanism  which  pushes  the  atom  towards  p  =  0  in  momentum  space,  that 
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FIGURE  6:  Proportion  /  of  cooled  atoms  versus  the  interaction  time  0  (in  units 
of  1/r',  where  F'  =  F^,  s  being  the  saturation  parameter).  The  full  line  represents 
the  analytical  asymptotic  prediction  given  by  the  Levy  flight  approach.  The  circles 
represent  the  results  of  Monte  Carlo  simulations  at  intermediate  times. 


only  P{r)  is  a  broad  distribution,  P  (r)  being  a  narrow  distribution  leading  to 
a  “normal”  linear  growth  (~  N)  of  f{N).  In  such  a  case,  T{N)  predominates 
over  f{N)  and  /  — ^  1  if  0  — >  oo.  In  fact,  more  precise  calculations  can  be 
done,  using  the  convolution  of  two  Levy  laws,  and  one  can  derive  analytical 
expressions  for  /  in  the  limit  0  — >  oo.  These  analytical  predictions  have 
been  quantitatively  checked  by  comparison  with  the  results  of  Monte  Carlo 
simulations  at  intermediate  times.  For  example,  for  ID-VSCPT,  one  predicts 
that  /  should  vary  as  when  0  — ^  oo,  where  A  and  B  are 

constants.  Such  a  prediction  (full  line  of  Fig.  6)  is  in  very  good  agreement 
with  the  results  of  Monte  Carlo  numerical  calculations  (circles  of  Fig.  6). 

The  Levy  flight  approach  can  also  give  analytical  predictions  for  the  mo¬ 
mentum  distribution  and  for  the  influence  of  the  dimensionality  d.  One  finds 
that,  when  d  increases,  P(t)  narrows  whereas  -P('f)  broadens.  One  thus  ex¬ 
pects  that  for  pure  VSCPT,  where  the  return  of  atoms  in  the  trap  is  only  due 
to  momentum  diffusion,  the  cooling  efficiency  should  rapidly  decrease  when 
d  increases.  The  fact  that  the  2D  experiment  described  above  gives  a  good 
signal  is  therefore  an  indication  that  an  additional  friction  mechanism  exists. 
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Combining  VSCPT  and  Sisyphus  Cooling 

The  laser  configurations  used  in  the  first  experimental  realizations  of  VSCPT 
(7)  consisted  of  two  counterpropagating  beams  with  <7‘*‘  and  cr“  polarizations. 
The  resulting  laser  electric  field  then  has  an  intensity  which  does  not  vary 
in  space.  One  can  easily  show  that,  in  such  a  laser  configuration,  the  light 
shifts  of  the  various  ground  state  Zeeman  sublevels  are  position  independent. 
Plotting  these  ligiT  shifts  as  a  function  of  the  position  of  the  atom,  one  gets 
fiat  “adiabatic”  potential  curves,  the  light  shift  of  the  non-coupled  state  being 
equal  to  zero  everywhere.  There  are  therefore  no  potential  hills  and  no  pos¬ 
sibility  of  Sisyphus  cooling.  Furthermore,  and  contrary  to  what  happens  for 
a  Jg  < — >  Je  =  .7^  +  1  transition,  there  is  no  polarization  gradient  force  for  a 
Jg  =  I  < — >■  Je  =  1  transition  in  a  (j+  —  a~  laser  configuration  (19). 

Several  authors  have  recently  mentioned  that  other  laser  configurations  in 
one  and  two  dimensions  could  lead  to  a  coexistence  of  VSCPT  and  Sisyphus 
cooling  [see  references  (26)  to  (30)].  For  a  =  1  < — >  Je  =  1  transition,  there 
is  always  a  non-coupled  state  whose  light  shift  is  zero  everywhere,  giving  rise  to 
a  perfectly  flat  adiabatic  potential.  But  for  the  laser  configurations  discussed 
in  (26)  to  (30),  the  total  laser  intensity  varies  in  space  and  the  other  eigenvalues 
of  the  light  shift  operator  (other  than  zero)  are  in  general  position-dependent, 
giving  rise  to  adiabatic  potential  curves  with  potential  wells  and  potential  val¬ 
leys.  For  a  moving  atom,  there  are  nonadiabatic  couplings  which  can  transfer 
the  atom  from  the  non-coupled  state  to  such  a  position  dependent  potential 
curve,  and  a  Sisyphus  cooling  can  occur  if  the  detuning  8  is  positive  (when  8  is 
positive,  light  shifts  are  positive  and  the  position-dependent  potential  curves 
are  above  the  flat  line  corresponding  to  the  non-coupled  state  ;  furthermore, 
the  transfer  rate  by  optical  pumping  from  a  coupled  state  to  the  non  coupled 
one  is  maximum  at  the  tops  of  the  potential  hills).  Such  a  semiclassical  picture 
of  Sisyphus  cooling  becomes  questionable  in  the  quantum  regime  where  atoms 
are  delocalized  in  the  laser  wave.  More  precise  treatments  using  quantum 
Monte  Carlo  methods  and  confirming  the  existence  of  a  Sisyphus  type  cooling 
may  be  found  in  references  (27)  and  (28). 

The  coexistence  of  VSCPT  and  Sisyphus  friction  forces  may  be  very  attrac¬ 
tive  at  higher  dimensions,  because  the  random  walk  process  of  pure  VSCPT 
becomes  less  and  less  efficient  at  bringing  atoms  back  towards  p  =  0.  Studying 
how  the  cooling  efficiency  depends  on  the  detuning  8  can  provide  useful  infor¬ 
mations.  For  pure  VSCPT,  the  cooling  efficiency  should  not  be  very  sensitive 
to  the  detuning  (10).  The  fact  that,  in  the  2D  experiment  described  above, 
the  signal  is  much  better  for  <!)  >  0  than  for  ^  <  0  (see  Fig.  5b)  seems  to  indi¬ 
cate  the  existence  of  a  Sisyphus  cooling  improving  the  efficiency  of  2D-VSCPT 
when  ^  >  0.  Further  experimental  work  is  needed  to  confirm  such  a  result. 
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CONCLUSION 

In  conclusion,  important  advances  have  been  achieved  in  ID  and  2D  subre¬ 
coil  cooling  of  atoms.  Temperatures  significantly  lower  than  the  single  photon 
recoil  limit  (by  a  factor  16  at  least)  have  been  observed.  The  de  Broglie  wave¬ 
length  of  the  cooled  atoms  now  reaches  values  of  the  order  of  4.5  {.tm.  One  can 
thus  hope  to  put  several  atoms  in  a  volume  while  keeping  these  atoms 
separated  by  distances  large  compared  to  the  optical  wavelength  Xl  which 
determines  the  range  of  radiative  interactions  between  atoms.  This  could  be 
important  for  reducing  the  limitations  associated  with  atom-atom  interactions 
in  the  search  for  quantum  statistical  effects.  A  better  understanding  of  the  long 
time  limit  of  VSCPT  has  been  obtained  with  the  development  of  new  statis¬ 
tical  approaches  inspired  by  the  Levy  flight  description  of  anomalous  random 
walks.  By  studying  the  competition  between  trapping  and  escape  processes, 
determined  by  the  distribution  of  trapping  times  and  first  return  times  in  the 
trap,  one  can  predict  in  a  quantitative  way  how  the  efficiency  of  pure  VSCPT 
varies  in  the  long  time  limit  and  how  it  depends  on  the  dimensionality.  Theo¬ 
retical  and  experimental  studies  indicate  that  VSCPT  could  be  improved  by  a 
Sisyphus  precooling.  This  is  important  for  future  developments  because  there 
is  still  room  for  an  increase  of  the  interaction  time  and  for  a  corresponding 
decrease  of  the  temperature. 
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Abstract.  This  paper  is  a  short  summary  of  a  presentation  given  at  the  Fourteenth 
International  Conference  on  Atomic  Physics  in  Boulder  CO,  August  1994.  It  describes 
several  recent  advances  in  the  field  of  laser  cooling,  trapping  and  manipulation  of  neutral 
atoms:  adiabatic  transfer  of  linear  momentum  from  light  to  atoms;  trapping  and  cooling 
atoms  in  optical  lattices;  evaporative  cooling  of  alkali  atoms  held  in  magnetic  traps;  cyclic 
cooling  of  atoms  in  a  magnetic  trap;  and  optical  shielding  of  laser-cooled  and  trapped  atoms 
from  collisions  with  other  cold  atoms.  Some  of  the  work  described  was  done  in  my  own 
laboratory  at  NIST  in  Gaithersburg,  and  some  in  other  laboratories,  I  have  tried  to  choose 
topics  complementary  to  those  treated  by  other  speakers  at  the  conference.  This  paper  is 
intended  more  as  a  guide  to  the  literature  on  the  subjects  treated  than  a  complete  treatment  in 
itself. 


ADIABATIC  MOMENTUM  TRANSFER 

The  transfer  of  momentum  to  atoms  is  a  fundamental  aspect  of  atom  optics 
and  interferometry  [1],  being  involved  in  the  reflection,  focusing,  re-direction,  and 
beamsplitting  of  atomic  beams.  Atom  interferometry  requires  that  the  momentum 
transfer  be  coherent,  i.e.,  free  from  dissipative  processes  that  would  reduce  the 
contrast  of  any  interference  fringes.  In  particular,  coherent  momentum  transfer 
must  avoid  spontaneous  emission  of  photons  by  the  atoms.  Two  recent 
experiments  [2,3]  have  demonstrated  a  new  technique  whereby  momentum  is 
coherently  transferred  to  atoms  by  adiabatic  passage  in  a  time-varying  resonant  laser 
field. 

The  experiments  avoid  spontaneous  emission  by  keeping  the  atoms  in  a 
"dark  state"  with  coherent  population  trapping.  Such  dark  states  were  first 
described  [4]  as  coherent  superpositions  of  the  internal  states  of  an  atom  that  cannot 
absorb  from  a  particular,  albeit  resonant,  light  field.  A  trivial  example  of  a  dark 
state  (which  in  this  basis  has  only  one  component)  would  be  an  atom  in  the  mj  =  1 
Zeeman  sublevel  of  a  J  =  1  ground  level,  irradiated  by  o+  light  resonant  for  a  J  =  1 
J'  =  1  transition.  More  generally,  in  this  J  =  1  — >  J‘  =  1  system,  for  any 
polarization  of  light,  there  is  a  dark  state,  a  coherent  superposition  of  the  ground 
sublevels,  that  cannot  absorb  that  light.  Dark  states  were  later  generalized  [5]  to 
include  the  state  of  the  atom's  center-of-mass  motion  and  the  momentum  of  the  light 
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field.  Here  the  dark  state  represents  a  specific  superposition  of  momentum  states  of 
the  atom  as  well  as  of  its  internal  states,  and  one  must  consider  the  direction  as  well 
as  polarization  of  the  light  fields. 

The  suggestion  [6]  that  such  velocity  selective  dark  states  could  be  used  to 
coherently  transfer  momentum  to  atoms  followed  the  study  and  demonstration  of 
adiabatic  transfer  of  population  between  internal  states  in  Raman  systems  [7]  .  The 
basic  idea,  continuing  from  the  example  given  above,  would  be  to  start  with  an 
atom  in  m  =  -1,  with  momentum  -^k  (a  photon  momentum),  illuminated  with  O’ 
light  propagating  in  the  negative  direction.  This  state,  1-1,-^k),  is  dark  to  that  light. 
If  a  light  field,  propagating  in  the  positive  direction  is  slowly  turned  on  while  the 
0‘  light  is  slowly  turned  off,  the  nature  of  the  light  field  changes  continuously  from 
G+  to  <J-  and  the  state  which  is  dark  changes  continuously  from  l-l,-/ik)  to 
1+1,+^k).  The  remarkable  thing  is  that  if  the  change  is  slow  enough  to  be  adiabatic, 
the  state  of  the  atom  adiabatically  follows  in  the  dark  state,  and  gains  two  photon 
momenta  while  changing  from  1-1, -^k)  to  1+1,-i-^k),  without  absorbing  light  or 
being  in  the  excited  state.  The  requirement  for  adiabaticity  is  that  the  frequency 
corresponding  to  the  light  shift  of  the  non-dark  states  be  large  compared  to  the  rate 
at  which  the  nature  of  the  light  field  changes. 

The  Harvard  experiments  [2]  performed  transfer  on  metastable  He,  using  a 
transition  as  described  above.  The  transfer  was  transverse  to  a  thermal  atomic  beam 
that  passed  through  partially  overlapped  laser  beams  orthogonal  to  the  atomic  beam. 
Multiple  passes  allowed  the  transfer  of  six  photon  momenta  (6^k).  The  NIST 
experiments  [3]  used  laser  cooled  Cs,  with  light  resonant  onaF  =  4->F  =  4 
transition.  In  this  case,  8^k  was  transferred  in  a  single  adiabatic  passage.  In  more 
recent  experiments  at  Stanford  [8],  adiabatic  transfer  in  Cs  between  non-degenerate 
ground  states  was  used  to  demonstrate  atom  interference  and  in  multiple  passages 
more  than  140  fik  was  transferred. 


OPTICAL  LATTICES 

When  multiple,  intersecting  light  beams  are  used  for  laser  cooling,  as  for 
example  in  optical  molasses  [9,10],  they  create  a  periodic  interference  pattern  of 
varying  intensity  and  polarization,  producing  a  pattern  of  light-shift  potentials  that 
can  confine  or  trap  atoms.  This  was  demonstrated  in  some  early  experiments 
[1 1,12,13].  More  recently  the  term  "optical  lattice"  has  been  applied  to  the  trapping 
of  atoms  in  such  periodic  structures  where  the  nature  of  the  interference  pattern  is 
well  defined  and  time-invariant,  and  where  the  polarization  of  the  light  at  the  points 
where  atoms  are  trapped  is  such  that  the  atoms  are  optically  pumped  into  the  most 
strongly  trapped  sublevel.  These  features  lead  to  long  trapping  times  for  the  atoms 
and  the  ability  to  observed  quantization  of  the  center-of-mass  motion  of  the  trapped 
atoms. 

The  first  such  observations  involved  ID  lattices  for  Cs  [14]  and  Rb  [15]. 
The  lattices  were  formed  from  counterpropagating  laser  beams  with  orthogonal 
linear  polarization  (lin  1  lin).  The  configuration  produces  a  polarization  that  varies 
periodically  in  space  from  through  linear  to  cr,  and  is  the  classic  configuration 
for  Sisyphus  laser  cooling  [16].  At  the  a-  positions  atoms  are  pumped  into 
mp  =  ±  F,  the  state  which  is  most  deeply  trapped  at  that  location.  Different, 
complementary  techniques  were  used  to  study  the  motion  of  atoms  trapped  at  the 
lattice  sites.  The  Paris  group  [14]  looked  at  the  absorption  or  gain  of  a  probe  laser 
directed  through  the  optical  lattice  and  saw  features  corresponding  to  transitions 
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between  quantized  vibrational  levels  in  the  optical  lattice  potential  wells.  The  NIST 
group  [15]  measured  the  spectrum  of  fluorescence  emitted  by  the  atoms  in  the  lattice 
and  observed  sidebands,  corresponding  to  the  same  kind  of  transitions,  on  either 
side  of  the  elastically  scattered  light.  The  position,  width,  relative  magnitude  and 
symmetry  of  the  spectral  features  in  these  experiments  give  information  about  the 
vibrational  level  spacing,  the  degree  of  localization,  and  the  temperature  of  the 
trapped  atoms.  The  observations  are  in  excellent  agreement  with  theoretical 
calculations  [17].  Using  different  techniques  a  group  at  SUNY  has  also  seen  the 
effects  of  quantized  motion  in  a  ID  lattice  [18] 

More  recently  a  number  of  groups  have  extended  the  study  of  optical  lattices 
to  2  and  3D.  In  2  or  3D  one  faces  the  issue  of  stability  of  the  interference  pattern. 
For  example,  a  typical  3D  optical  molasses  with  three  pairs  of  counterpropagating 
laser  beams  produces  an  interference  pattern  whose  character  depends  on  the 
relative  phases  between  the  laser  beams.  On  the  other  hand,  a  3D  configuration  of 
4  beams  produces  an  interference  pattern  whose  position,  but  not  character, 
depends  on  the  relative  phases  [19].  One  can  therefore  insure  a  well  defined  and 
stable  interference  pattern  by  using  4  beams  in  3D  (3  beams  in  2D  or  2  beams  in 
ID)  or  by  actively  stabilizing  the  relative  phase  of  the  laser  beams.  The  former 
technique  is  used  by  the  Paris  group  [19,  20,  21],  the  NIST  group  [22]  and  the 
Stanford  group  [23],  while  the  Munich  group  uses  the  latter  technique  [24,25]. 
The  motion  of  the  trapped  atoms  is  studied  by  the  probe  laser  technique  in  Paris  and 
Munich  and  by  the  fluorescence  spectrum  technique  at  NIST. 

Spectra  obtained  in  2  and  3D  lattices  are  similar  to  those  obtained  in  ID.  An 
important  additional  feature  is  that  the  lattices  may  not  be  isotropic  so  that  different 
or  multiple  oscillation  frequencies  (sideband  frequencies)  are  seen  along  different 
directions  of  observation.  Another  important  feature  is  that  in  3D,  there  is  trapping 
and  cooling  in  all  directions,  while  in  ID,  the  transverse  directions  are  heated  and 
untrapped.  This  leads  to  residual  Doppler  broadening  of  the  spectra  observed  in 
ID,  a  broadening  that  is  absent  in  3D.  The  Munich  group  has  observed  spectra 
containing  a  series  of  sub-harmonics  of  the  vibrational  spacing  corresponding  to 
multiphoton  transitions  between  adjacent  vibrational  levels  [25].  The  Paris  group 
has  applied  a  uniform  static  magnetic  field  to  their  lattice  and  seen  spectral  changes 
corresponding  to  paramagnetism  involving  the  orientation  of  the  atomic  angular 
momentum  [21]. 

Using  time- of- flight  techniques  [26]  the  NIST  group  has  measured  the 
temperature  of  Cs  atoms  held  in  a  4-beam  optical  lattice  detuned  25  linewidths  from 
resonance.  Temperatures  as  low  as  1  pK  were  achieved  [22],  significantly  lower 
than  the  2.5  pK  reported  for  Cs  in  a  6- beam  optical  molasses  [27].  Presumably 
this  lower  temperature  is  due  to  the  stable  lattice  of  light-shift  potentials  in  the  4- 
beam  configuration  compared  to  the  uncontrolled  interference  pattern  in  the  6-beam 
molasses.  The  atoms  trapped  in  the  lattice  can  be  cooled  even  further  by  a  process 
of  adiabatic  expansion.  (Such  adiabatic  cooling  has  previously  been  observed  in 
ID  for  lithium  atoms  in  an  atomic  beam  [28].)  By  slowly  reducing  the  intensity  of 
the  trapping  laser  beams,  the  depth  of  the  potential  wells  and  hence  the  oscillation 
frequency  of  the  atoms  is  reduced.  This  allows  an  atom  to  expand  and  cool  within 
the  well  where  it  is  trapped.  The  adiabatic  condition  requires  that  the  normalized 
rate  of  intensity  reduction  be  small  compared  to  the  atomic  oscillation  frequency, 
but  the  rate  must  be  fast  enough  to  avoid  heating  from  spontaneous  emission.  We 
found  that  for  characteristic  times  from  a  few  tens  to  a  few  hundreds  of 
microseconds  the  cooling  produced  the  same  final  temperature.  By  observing  the 
ballistic  spreading  of  the  atoms  after  cooling,  we  measured  final  temperatures  as 
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low  as  700  nK  along  three  orthogonal  axes.  This  is  the  lowest  3D,  steady  state 
kinetic  temperature  yet  observed,  although  lower  or  comparable  ID  [29,30],  2D 
[31]  and  transient  [32]  kinetic  temperatures  have  been  reported  for  laser  cooled 
atoms,  and  much  lower  spin  temperatures  have  been  observed  in  solids. 


EVAPORATIVE  COOLING 

One  of  the  outstanding  challenges  of  low  temperature  and  atomic  physics  is 
to  achieve  Bose-Einstein  condensation  (BEC)  of  a  dilute,  weakly  interacting  gas 
[33].  The  expectation  is  that  when  a  sample  of  weakly  interacting  bosonic  atoms  is 
cold  and  dense  enough  that  the  thermal  deBroglie  wavelength  is  comparable  to  the 
average  interatomic  spacing,  a  macroscopic  fraction  of  the  sample  will  condense 
into  the  lowest  available  momentum  state.  BEC  in  spin-polarized  atomic  hydrogen 
has  been  pursued  for  a  number  of  years,  and  recently  there  has  been  considerable 
interest  in  pursuing  BEC  of  alkali  atoms,  assisted  by  laser  cooling  and 
electromagnetic  trapping  techniques. 

One  of  the  most  important  techniques  used  by  the  spin  polanzed  hydrogen 
researchers  is  evaporative  cooling  [34] .  Hydrogen  atoms  held  in  a  magneto-static 
trap  may  occasionally  escape  when  individual  atoms  have  energy  higher  than  the 
trap  depth.  Since  only  those  atoms  with  higher  than  average  energy  escape,  the 
average  energy  of  the  remaining  atoms  is  reduced,  these  atoms  re-thermalize, 
producing  more  atoms  in  the  high  energy  tail  of  the  distribution,  and  the 
evaporation  effectively  cools  the  sample.  In  this  way  the  MIT  spin  polanzed 
hydrogen  group  has  achieved  conditions  close  to  what  is  required  for  BEC  [35]. 

Although  laser  cooling  of  alkali  and  other  atoms  can  achieve  very  low 
temperatures,  collisions  involving  excited  atoms  limit  the  density  of  laser  cooled 
samples.  It  seems  likely  that  achieving  BEC  in  such  laser  cooled  samples  will 
require  the  final  stages  of  cooling  and  compression  to  be  accomplished  with  ground 
state  atoms.  Thus,  evaporative  cooling  is  an  attractive  technique  even  for  atoms 
than  can  be  effectively  laser  cooled.  Recent  experiments  [36,37]  have  demonstrated 
such  evaporative  cooling  for  alkali  atoms  that  were  originally  laser  cooled  and  then 
held  in  a  static  magnetic  trap.  At  MIT  sodium  atoms  [36]  and  at  JILA  rubidium 
atoms  [37]  were  laser  trapped,  laser  cooled,  and  then  transferred  to  a  spherical 
quadrupole  magnetic  trap  [38].  A  radio  frequency  field  coupled  atoms  in  a  trapped 
spin  state  to  an  untrapped  state  at  a  specific  value  of  magnetic  field  and  therefore  at  a 
specific  locus  of  positions  in  the  trap.  This  allowed  the  effective  depth  of  the  trap  to 
be  adjusted  so  as  to  control  the  rate  of  evaporation.  As  of  the  date  of  the  conference 
these  groups  had  achieved  cooling  and  compression  of  the  atomic  samples 
corresponding  to  an  increase  of  phase  space  density  of  about  a  factor  of  4  or  5.  Just 
after  the  ICAP,  a  group  at  Stanford  [39]  reported  achieving  evaporative  cooling  of 
sodium  atoms  trapped  in  a  Far-Off-Resonant  laser  dipole  Trap  (FORT)  [40,41]. 


CYCLIC  COOLING 

Sisyphus  laser  cooling  [16]  extracts  kinetic  energy  from  atoms  by 
converting  the  kinetic  energy  to  light- shift  potential  energy  and  then  dissipating  the 
potential  energy  through  optical  pumping  among  the  differently  light- shifted  levels. 
It  is  possible  to  accomplish  the  same  thing  in  a  magnetic  or  other  macroscopic  trap 
by  converting  kinetic  energy  to  trap  potential  energy  and  dissipating  that  energy  by 
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optical  pumping  among  the  differently  Zeeman-shifted  levels.  This  process  was 
proposed  [42]  even  before  the  discovery  of  Sisyphus  laser  cooling.  The  original 
proposal  involves  starting  with  an  energetic  atom  in  a  deeply  bound  potential, 
allowing  it  to  move  to  its  turning  point  where  it  is  coherently  transferred  by  radio 
frequency  coupling  to  a  state  that  is  only  weakly  bound.  The  atom  then  accelerates 
slowly  to  the  bottom  of  the  weak  potential  where  it  is  optically  pumped  to  the  more 
deeply  bound  state,  having  completed  a  cycle  and  lost  considerable  kinetic  energy. 

In  a  recent  experiment  at  JILA  [43]  a  slightly  modified  version  of  this 
scheme  was  demonstrated  using  magnetically  trapped  Rb  atoms.  Instead  of  two 
potential  curves  with  very  different  depths,  the  JILA  experiment  uses  two  similar 
potentials  whose  equilibrium  points  were  displaced  from  each  other.  The 
displacement  results  from  the  fact  that  the  magnetic  trapping  alone  is  insufficient  to 
support  the  Rb  atoms  against  gravity,  so  an  additional,  linear  gradient  magnetic 
field  is  applied  to  levitate  the  atoms.  Because  the  two  relevant  states  have  slightly 
different  magnetic  moments,  the  equilibrium  points  where  gravitational  and 
magnetic  forces  balance  are  different  [42b].  This  leads  to  two  displaced  potential 
wells  with  nearly  the  same  curvature.  Cooling  occurs  when  an  energetic  atom 
oscillates  to  the  turning  point  of  its  potential,  is  transferred  to  the  other,  displaced 
potential  and  oscillates  to  the  opposite  turning  point  of  that  potential,  which  is  near 
the  bottom  of  the  first  potential.  Optical  pumping  returns  the  atom  to  a  point  near 
the  bottom  of  the  first  potential,  completing  the  cycle  and  removing  kinetic  energy. 
In  this  way,  Rb  atoms  were  cooled  to  a  temperature  of  1.5  fiK  [43],  considerably 
lower  than  the  6  iiiK  reported  for  laser  cooling  of  Rb  in  optical  molasses  [44]. 


OPTICAL  SHIELDING  OF  COLLISIONS 

Inelastic  collisions  between  laser  cooled,  trapped  atoms  are  often  a  major 
factor  in  limiting  the  density  that  can  be  achieved  for  a  sample  of  trapped  atoms. 
Collisions  where  one  of  the  collision  partners  is  optically  excited  are  generally  the 
most  destructive.  Atoms  approaching  each  other  on  an  attractive  potential  accelerate 
and  may  decay  to  the  relatively  flat  ground  state  potential  after  having  gained 
enough  kinetic  energy  to  leave  the  trap.  Alternately,  the  atoms  may  undergo  a  non- 
adiabatic  curve  crossing  resulting  in  an  exothermic  change  of  state,  acquiring 
enough  energy  to  leave  the  trap.  Collisions  between  ground  state  atoms  can  also  be 
destructive.  Exothermic  changes  in  a  ground  hyperfme  state  can  eject  atoms  from  a 
trap.  In  the  case  of  magnetically  trapped  atoms,  spin-flip  collisions  can  put  the 
atom  into  an  untrapped  state.  In  the  case  of  trapped  metastable  rare  gas  atoms, 
collisions  between  atoms  in  the  lowest  lying  metastable  state  (the  effective  ground 
state)  can  lead  to  destructive  Penning  ionization.  Avoiding  destructive  collisions 
can  allow  higher  density  to  be  achieved.  One  strategy  for  doing  this  is  to  reduce  or 
avoid  optical  excitation  of  the  trapped  atoms  as  in  a  dark  MOT  [45],  a  FORT 
[40,41],  a  magnetic  trap  [38]  or  a  microwave  trap  [46].  Another  alternative  is  to 
protect  the  atoms  from  collisions  with  other  atoms  by  application  of  an  appropriate 
laser  field. 

The  basic  idea  of  such  optical  shielding  of  atomic  collisions  is  to  tune  a  laser 
field  to  be  resonant  with  a  transition  between  the  relatively  flat  ground  molecular 
potential  and  a  repulsive,  excited  molecular  potential.  The  resonance  should  occur 
at  a  large  interatomic  separation;  ideally,  the  separation  should  be  larger  than  the 
separation  at  which  any  other  laser  fields  are  resonant  for  coupling  to  any  attractive 
potentials.  Such  ideas  have  been  discussed  for  some  time  [47,48],  and  recent 
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experiments  [49]  have  demonstrated  reduction  of  collisionai  loss  from  ground- 

excited  state  collisions  in  a  magneto-optical  trap  (MOT).  .It-* 

In  experiments  at  NIST  in  Gaithersburg  [50]  we  have  used  optical  shielding 
to  reduce  Penning  ionization  collisions  between  trapped  metastable  xenon  atorns. 
This  optical  shielding  was  effective  both  for  collisions  between  Xe  atoms  m  the 
lowest  metastable  state,  6s[3/2]2  and  for  collisions  involving  excitation  on 
the  laser  cooling  transition  to  the  6p[5/2]3  state.  Shielding  was  provided  by  a 
strong  laser  tuned  as  much  as  a  few  hundred  MHz  to  the  blue  of  the  laser  cooling 
transition.  When  all  the  atoms  were  in  the  lowest  inetastable  state  (laser  cooling  and 
trapping  light  turned  off)  the  reduction  of  Penning  ionization  was  more  than  a  factor 
of  five.  With  the  cooling  and  trapping  light  on,  the  reduction  of  the  (larger) 
ionization  rate  was  as  much  as  a  factor  of  30.  The  reduction  of  Penning  ionization 
collisions  produces  a  significant  increase  in  the  collision-limited  lifetime  of  atoms  in 
a  dense  trap,  as  well  as  a  significant  increase  in  the  achievable  density  of  trapped 
atoms.  Similar  shielding  of  Penning  ionization  collisions  has  been  reported  for 
metastable  Kr  atoms  in  experiments  in  Tokyo  [51]. 
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Abstract:  New  developments  in  spectroscopy  and  quantum  optics  with  stored 
ions  are  summarized  and  discussed.  Currently  used  ion  trap  devices  are  briefly 
described,  and  newly  proposed  cooling  techniques  are  indicated.  Recent  results 
in  precision  spectroscopy  are  reviewed  with  particular  emphasis  on  time  and 
frequency  standards.  New  applications  of  stored  ions  in  the  field  of  quantum 
optics  are  proposed  such  as  the  preparation  of  nonclassical  states  of  motion  in 
an  ion  trap.  These  can  be  detected  by  observation  of  the  quantum  collapse  and 
revival  phenomenon. 


1.  INTRODUCTION 

Ion  storage  in  combination  with  laser  cooling  has  proved  to  be  a  very 
valuable  tool  for  precision  spectroscopy  and  quantum  optics  for  many  years 
now  [1-4].  Trapping  and  cooling  of  ions  are  currently  routinely  used  in  a 
number  of  laboratories  both  for  investigating  the  fundamental  aspects  of  the 
interaction  between  matter  and  radiation  as  well  as  for  applications  such  as 
mass  spectrometry  and  for  time  and  frequency  standards. 

In  particular,  during  the  last  few  years  precision  spectroscopy  on  clouds 
of  trapped  ions  has  been  improved  in  such  a  way  that  frequency  standards 
based  on  this  technique  are  currently  available  which  show  long-term  stability 
superior  to  current  primary  Cs  standards  [4,  5].  More  recently,  first  precision 
measurements  on  single  laser-cooled  ions  have  demonstrated  that  future  clocks 
may  well  be  realized  with  such  experiments  [6-16]. 

Aside  from  these  applications,  spectroscopy  on  single  stored  and  laser- 
cooled  ions  is  utilized  for  a  variety  of  fundamental  experiments  in  the  field 
of  quantum  optics  [3].  For  example,  several  years  ago  quantum  jumps  in  the 
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fluorescence  light  of  single  ions  were  observed  for  the  first  time  [17-19].  Cur¬ 
rently  such  measurements  are  used  for  a  detailed  investigation  of  the  quantum 
mechanical  measurement  process,  and  they  form  the  basis  of  measuring  very 
narrow  clock  transitions.  Also,  the  nonclassical  antibunching  property  of  the 
resonance  fluorescence  radiation  has  been  observed  with  single  trapped  ions 
[20,  21],  and  currently  several  experiments  are  under  way  to  further  investi¬ 
gate  nonclassical  characteristics  of  resonance  fluorescence  [22,  23]. 

In  this  contribution  several  new  developments  in  stored  ion  research  are 
summarized  and  discussed  with  an  emphasis  on  experiments  using  Paul  and 
rf  traps.  Recent  results  with  Penning  traps,  especially  in  the  field  of  precision 
mass  spectrometry,  are  summarized  in  the  papers  by  D.  Pritchard  and  J.  Kluge 
in  these  proceedings. 


2.  STORAGE  DEVICES 

Ion  traps,  especially  Paul  and  Penning  traps  have  long  been  used  for  pre¬ 
cision  spectroscopy,  for  the  investigation  of  nonneutral  plasmas,  and  for  time 
and  frequency  standard  applications.  Whereas  Penning  traps  are  most  often 
applied  to  plasma  research  and  precision  mass  spectrometry,  Paul  traps  are 
mostly  used  for  precision  laser  spectroscopy  and  in  quantum  optics. 

One  of  the  decisive  drawbacks  of  conventional  quadrupole  Paul  traps  is  that 
clouds  of  more  than  a  few  tens  of  ions  cannot  be  efficiently  optically  cooled  [4], 
Due  to  Coulomb  repulsion  in  an  ion  cloud  there  are  always  many  ions  away 
from  the  trap  center  undergoing  a  strong  micromotion  at  the  frequency  of  the 
trapping  field.  Thus  the  kinetic  energy  of  an  ion  cloud  in  a  Paul  trap  cannot  be 
reduced  below  a  value  determined  by  the  trap  parameters  and  the  extension  of 
the  ion  cloud.  In  order  to  overcome  this  limitation,  various  rf- traps  have  been 
designed  which  allow  the  trapping  of  many  ions  with  little  or  no  micromotion. 
The  simplest  approach  to  such  a  device  is  a  trap  variant  of  the  Paul  mass  filter 
[24-26].  Here  the  trap  consists  of  a  linear  quadrupole  potential  created  by  four 
rods  with  additional  endcaps  for  axial  confinement  (linear  rf  trap).  Thus  all 
ions  located  along  the  trap  axis  undergo  very  little  or  no  micromotion,  and 
the  mean  kinetic  energy  for  ion  clouds  in  these  traps  is  generally  much  lower. 
Laser  cooling  of  ions  then  can  result  in  rather  cold  samples  of  ions  arranged 
like  a  string  of  pearls  along  the  trap  axis.  This  concept  of  minimizing  the 
micromotion  has  also  been  pursued  with  the  use  of  an  rf-ring  trap  where  the 
electrodes  of  a  linear  quadrupole  are  bent  so  that  a  closed  quadrupole  ring  is 
formed  (‘Tace-track”  trap)  [27,  28].  In  this  way  all  ions  located  on  the  central 
ring  axis  are  free  of  micromotion. 

A  different  concept  for  minimizing  the  micromotion  was  pursued  with  the 
development  of  rf-traps  with  a  potential  of  higher  multipolarity,  as,  e.g.,  the 
rf-octupole  trap  [29].  Here  the  effective  trap  potential  and  thus  the  amplitude 
of  the  micromotion  increase  with  the  third  power  of  the  ions’  distance  from 
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the  trap  center,  and  therefore  all  those  ions  near  the  center  of  such  a  trap 
undergo  a  much  reduced  micromotion.  Consequently,  reduced  kinetic  energies 
have  been  observed  for  ion  clouds  in  an  rf-octupole  trap,  and  laser  cooling  of 
such  clouds  seems  possible  [29]. 

For  experiments  with  single  laser-cooled  ions  conventional  Paul  traps  with 
sizes  on  the  order  of  mm  are  routinely  employed  [30-32,  21,  17,  33,  35,  34]. 
For  better  laser  cooling  (see  below)  and  for  applications  in  quantum  optics, 
miniature  traps  (with  sizes  of  0.01  to  0.1  mm)  would  be  desirable.  This  is 
difficult  to  achieve  with  the  Paul  trap  consisting  of  a  ring  electrode  and  two 
endcaps.  With  laser  beams  applied  in  the  gap  between  endcap  and  ring,  stray 
scattered  light  would  seriously  hamper  the  experiments.  Recent  approaches 
to  miniaturizing  the  Paul  trap  therefore  consist  in  using  electrodes  of  simple 
planar  geometry  which,  e.g.,  permit  precise  photolithographic  fabrication  of  a 
microtrap  [35].  The  simplest  example  of  such  a  trap  is  a  one-hole  trap,  i.e., 
a  hole  in  a  metallic  sheet  to  which  the  trapping  potential  is  applied.  This  is 
a  Paul  trap  where  the  endcaps  have  been  moved  to  infinity.  This  trap  was 
originally  demonstrated  by  H.  Straubel  [36]  and  is  known  as  the  Paul-Straubel 
trap  [37,  38].  Similarly  the  trapping  potential  can  be  applied  to  two  endcaps 
with  the  ring-electrode  moved  to  infinity  resulting  in  the  endcap  trap  (or  in¬ 
verted  Paul-Straubel  trap)  [39].  Such  storage  devices  allow  an  unobstructed 
access  to  the  trap  center,  which  is  imperative  for  laser  cooling  of  single  ions 
and  its  efficient  detection  via  resonance  fluorescence.  In  first  experiments,  it 
was  found  that  the  voltages  for  an  endcap  trap  are  about  2  times  higher  than 
for  a  comparable  Paul  trap  whereas  for  the  Paul-Straubel  trap  8  times  higher 
voltages  are  required  to  generate  a  similar  trap  potential  [39]. 

Miniature  Paul  traps  consisting  of  three  rings  or  three  holes  have  also  been 
devised,  and  it  is  currently  being  investigated  in  how  far  whole  arrays  of  such 
traps  can  be  produced  by  photolithograpy  [35].  Such  arrays  were  first- consi¬ 
dered  by  Major  [40]  and  could  be  used  to  provide  many  single  trapped  and 
laser-cooled  ions  simultaneously  similar  to  a  string  of  stored  ions  in  a  linear 
trap.  However,  with  such  an  array  all  ions  would  be  independent  whereas  in 
a  linear  trap  there  is  always  a  coupling  due  to  the  mutual  Coulomb  repulsion. 

3.  COOLING  TECHNIQUES 

Laser  cooling  of  single  atomic  particles  has  been  of  increasing  interest  for 
more  than  a  decade  [1-4].  Proposed  by  Hansch  and  Dehmelt  [41]  and  by 
Wineland  and  Dehmelt  in  1975  [42],  laser  cooling  was  first  observed  by  Neu- 
hauser,  Hohenstatt,  Toschek,  and  Dehmelt  [30]  and  by  Wineland,  Drullinger, 
and  Walls  in  1978  [43].  This  started  an  investigation  of  the  fundamental  inter¬ 
action  between  electromagnetic  radiation  and  matter  with  particular  emphasis 
on  the  coupling  between  internal  (atomic)  and  external  (motional)  degrees  of 
freedom.  This  interest  is  due  to  the  fact  that  a  single  stored  and  cooled  ion  pro- 
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vides  a  quantum  system  close  to  theoretical  models  in  quantum  optics.  Many 
aspects  of  laser  cooling  of  a  single  trapped  ion  are  well  understood  [30,  43- 
47].  For  two- level  systems,  as  long  as  the  trap  frequency  v  is  smaller  than 
the  natural  linewidth  T  of  the  optical  transition  for  laser  cooling  (i.e.,  the 
weak-binding  limit),  the  final  temperature  is  limited  by  T  ^  hr/2kB  where 
ks  is  Boltzmann’s  constant  (Doppler  limit).  On  the  other  hand,  for  trap  fre¬ 
quencies  ly  >  r  (i.e.,  the  strong  binding  limit),  the  trapped  particle  develops 
well-resolved  absorption  sidebands  at  the  trap  frequency  and  can  be  optically 
pumped  to  its  lowest  vibrational  state  by  exciting  selectively  on  the  lower  si¬ 
deband  (sideband  cooling).  Experimentally,  the  limiting  temperature  in  this 
case  (given  by  the  probability  of  not  being  in  the  lowest  state)  can  be  very 
low.  Both  the  Doppler  limit  and  the  sideband  limit  have  been  observed  in 
experiments  and  agree  well  with  the  theoretical  predictions  [32]. 

During  the  past  few  years  significant  progress  has  been  made  in  our  under¬ 
standing  of  laser  cooling  of  multilevel  systems,  particularly  as  applied  to  free 
atoms  [48]:  aside  from  the  usual  cooling  by  scattering  forces,  many  cooling 
schemes  have  been  investigated  and  proved  successful,  in  particular  those  con¬ 
cerned  with  dipole  forces  in  a  standing  wave  [49].  Extremely  low  temperatures 
have  been  achieved  with  polarization  gradient  cooling  and  dark  state  cooling 
[50].  These  results  have  led  to  an  investigation  of  similar  cooling  techniques 
for  stored  ions. 

Recently,  the  cooling  mechanisms  of  a  trapped  ion  in  a  standing  wave  were 
investigated  [52,  51].  Since  individual  stored  ions  can  be  spatially  localized  to 
dimensions  smaller  than  an  optical  wavelength  (Lamb-Dicke  limit),  cooling  can 
be  studied  for  different  positions  of  the  ion  within  the  standing  wave.  Thus  it 
was  found  [51]  that  for  a  two-level  system  located  at  the  node  of  the  standing 
wave,  the  final  temperature  is  a  factor  of  2  lower  than  the  limit  for  a  traveling 
wave,  and  more  important,  the  cooling  rates  do  not  saturate  with  the  laser 
intensity.  At  the  point  of  maximum  (intensity)  gradient  of  the  standing  wave, 
cooling  is  obtained  by  the  Sisyphus  mechanism  [49]  for  positive  detunings 
with  respect  to  the  resonance.  With  this  technique  very  low  temperatures 
(corresponding  to  very  low  mean  excitation  numbers  n  ~  1  of  the  oscillatory 
ion  motion)  may  be  obtained  when  applied  with  three-level  and  multilevel 
configurations.  This  can  be  achieved  even  for  the  weak-binding  case  where 
otherwise  only  the  Doppler  limit  (with  'n  <C  1)  can  be  reached  [52,  51]. 

Aside  from  using  intensity  gradients,  as  with  an  ion  placed  at  the  point 
of  maximum  gradient  in  a  standing  wave,  an  ion  can  similiarly  be  subjected 
to  a  laser  beam  configuration  leading  to  polarization  gradients  [53,  54].  As 
the  results  show  [53],  laser  cooling  of  a  stored  ion  using  polarization  gradients 
leads  to  final  quantum  numbers  n  %  1,  i.e.,  to  final  energies  E  —  Tii/({n)  + 
1/2)  <  ^r/2,  and  as  it  turns  out,  the  cooling  results  are  quite  insensitive  to 
either  the  precise  localization  of  the  ion  or  the  laser  detuning.  Thus,  for  weak 
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confinement,  laser  cooling  with  polarization  gradients  seems  superior  to  other 
cooling  techniques  in  traps,  such  as  Doppler  cooling,  cooling  at  the  node  of  a 
standing  wave,  or  even  Sisyphus  cooling  with  pure  intensity  gradients. 

First  experimental  results  for  laser  cooling  of  trapped  ions  with  polarization 
gradients  were  recently  obtained  by  Birkl  et  ah  [55].  In  their  experiment  a 
single  Mg^  ion  was  trapped  in  a  one-dimensional  trap  along  the  axis  of  a 
quadrupole-ring  trap  and  was  cooled  to  0.4  mK,  which  is  2.5  times  lower  than 
the  Doppler  limit  with  hints  of  possibly  lower  temperatures.  Since  in  this 
experiment  the  ion  was  not  within  the  Lamb-Dicke  regime  (i.e.,  its  oscillation 
amplitude  was  larger  than  a  wavelength  of  the  cooling  laser),  the  results  should 
be  compared  with  the  theory  for  free  atom  cooling  and  qualitative  agreement 
was  obtained. 

The  ultimate  goal  of  laser  cooling  is  to  prepare  an  ion  in  the  ground  state 
of  the  trapping  potential.  This  can  be  achieved  by  sideband  cooling  which 
requires  the  condition  v  >  V.  For  typical  dipole  allowed  transitions  the  spon¬ 
taneous  width  r  is  usually  of  the  order  of  a  few  tens  of  MHz,  while  typical 
trap  frequencies  u  are  of  the  order  of  a  few  MHz.  Thus  the  sideband  cooling 
conditions  are  usually  not  satisfied.  In  order  to  reach  the  sideband  regime  two 
strategies  are  currently  being  pursued:  (i)  decreasing  the  “effective”  sponta¬ 
neous  decay  rate  of  the  atom  or  (ii)  increasing  the  trap  frequency.  The  first 
demonstration  of  sideband  cooling  was  accomplished  by  the  NIST  Boulder 
group  [32]  using  a  weak  quadrupole  transition  in  Hg"^  .  Since  the  excited  state 
in  this  experiment  has  a  lifetime  of  about  100  ms,  the  achievable  cooling  rate 
is  rather  small.  Therefore,  after  absorption  on  the  sideband  an  additional  laser 
was  applied  and  tuned  to  resonance  with  a  strongly  allowed  transition  for  fast 
optical  pumping  of  the  metastable  state  population  back  to  the  ground  state 
[32]. 

As  an  alternative  way  to  reach  the  sideband  cooling  conditions,  a  reduction 
of  the  effective  spontaneous  transition  rate  of  the  two-level  system  can  be 
obtained,  e.g.,  with  Raman  transitions  coupling  two  atomic  states  (Raman- 
cooling)  [47]  with  a  sufficiently  long  lifetime.  This  can  be  realized,  e.g.,  with 
the  S-P-D  transitions  in  three-level  ions  such  as  Ba+,  Sr'*',  Ca+,  and  Yb+  or 
with  atomic  ground  states  exploiting  Zeeman  structure  or  hyperfine  splitting. 
In  this  configuration  a  three-level  A  system  driven  by  two  coiinterpropagating 
laser  beams  is  considered.  Tuning  the  two-photon  Raman  transition  to  the 
lower  motional  sideband,  one  obtains  a  two-level  atom  involving  the  two  atomic 
ground  states  where  the  optical  pumping  rate  F'  plays  the  role  of  an  effective 
spontaneous  decay  rate.  For  sufficiently  low  laser  power  one  obtains  F'  <C  F, 
i.e.,  the  sideband  cooling  regime  T'  <  i/  can  be  reached.  Increasing  the  trap 
frequency  can  be  accomplished  with  microtrap  design  (see  section  II  above) 
where  trap  frequencies  on  the  order  of  a  few  tens  of  MHz  may  be  achieved  [34]. 

More  recently,  a  generalization  of  the  approach  by  Diedrich  et  al.  [32] 
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was  proposed  to  achieve  sideband  cooling  on  a  metastable  transition  with  a 
very  long  lifetime  where  the  metastable  state  is  quenched  (or  “dressed”)  by 
a  nonresonant  laser  [56].  The  purpose  of  the  dressing  laser  is  to  mix  the 
metastable  state  with  a  third  atomic  state  which  has  a  dipole  allowed  (fast) 
decay  to  the  ground  state,  thus  providing  an  effective  spontaneous  decay  rate 
r'  in  the  two-level  system  which— by  adjusting  the  intensity  and  detuning 
of  the  strong  laser— can  be  “designed”  and  optimized  for  sideband  cooling, 
i.e.,  y  >  r.  The  advantage  of  this  scheme  is  that  it  can  be  applied  to  a  broad 
range  of  ion  level  configurations.  In  the  case  of  Ba'*',  for  example,  simultaneous 
interaction  on  the  weak  S1/2  -  ^>3/2  transition  and  the  strongly  allowed  S1/2  - 
Pi/2  dipole  transition  would  allow  one  to  reach  the  sideband  limit  in  a  three- 
level  V  configuration.  It  is  expected  that  this  proposed  cooling  scheme  will 
be  of  utmost  importance  for  precision  experiments  as,  e.g.,  m  frequency  and 
time  standard  applications.  Owing  to  decay  rates  that  are  usually  several 
tens  of  MHz,  the  strong  confinement  regime  is  experimentally  very  hard  to 
achieve;  hence,  in  almost  all  applications  so  far  only  the  Doppler  limit  could 
be  reached.  With  the  proposed  technique  it  should  be  easily  possible  to  reach 
the  sideband  limit  since  in  most  spectroscopic  applications  a  weak  transition 
is  available  anyway.  Only  optical  transitions  have  been  considered  so  far  for 
such  a  scheme.  However,  Zeeman  and  hyperfine  states  could  also  serve  for 
weakly  coupled  transitions,  and  these  levels  are  available  in  any  ion.  In  this 
case,  howeever,  the  Lamb-Dicke  parameters  7/  =  tik'^ I2my  (here  k  denotes  the 
k- vector  of  the  applied  radiation,  m  is  the  mass  of  the  ion  and  y  is  the  trap 
frequency)  for  these  transitions  become  very  small,  and  correspondmgly  one 
has  to  apply  high  radiation  intensities  to  achieve  the  required  transition  rates. 
Nevertheless,  in  the  rf  and  the  microwave  domain,  this  could  be  possible,  and 
the  required  parameters  can  be  readily  derived  from  expressions  given  in  [56]. 

The  standard  theory  of  laser  cooling  of  trapped  ions  assumes  the  motion 
of  a  laser-driven  ion  in  a  (static)  one-dimensional  harmonic  oscillator  U'apping 
potential  [44-47].  Almost  all  experiments  with  single  laser-cooled  10ns,  on 
the  other  hand,  have  been  performed  with  Paul  traps  where  the  trapping 
potential  is  explicitly  time  dependent.  In  general,  the  ion  motion  in  a  Paul 
trap  is  governed  by  a  fast  oscillation  at  the  driving  frequency  H  (micromotion), 
superimposed  on  a  slow  secular  motion  (macromotion)  at  frequency  y  [1]. 
To  the  extent  that  the  frequency  of  the  macromotion  is  much  smaller  than 
that  of  the  micromotion,  adiabatic  elimination  of  the  fast  time  scales  l/H 
allows  one  to  describe  the  ion  dynamics  as  motion  in  an  effective  harmonic 
oscillator  potential  (pseudopotential).  Thus  standard  laser  cooling  theoiy  is 
based  on  the  assumption  that  the  time  scale  of  the  rf  field  is  much  faster 
than  all  other  time  scales  of  the  problem.  In  experiments,  the  effects  of  the 
micromotion  are  clearly  visible  as  additional  resonances  in  excitation  spectra 
[57],  and  it  appears  necessary  to  investigate  in  which  way  the  time-dependent 
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trapping  field  influences  the  cooling  dynamics,  the  cooling  rates  and  the  final 
temperatures. 

When  discussing  the  influence  of  micromotion,  the  notion  of  temperature 
has  to  be  reconsidered.  In  a  harmonic  trap,  laser  cooling  theories  predict 
a  Boltzmann  distribution  of  the  occupation  of  the  harmonic  oscillator  states, 
which  allows  the  assignment  of  a  temperature.  However,  with  the  micromotion 
present,  the  Hamiltonian  that  describes  the  motion  of  the  ion  in  the  trap  is 
time  dependent,  and  therefore  the  concept  of  time-independent  eigenstates  of 
the  trap  Hamiltonian  fails  [58-61].  Nevertheless,  it  is  always  possible  to  define 
the  kinetic  energy  via  the  expectation  value  of  the  squared  momentum  (P{ty) 
which  is  explicitly  time  dependent.  For  a  comparison  with  experimental  results 
the  mean  kinetic  energy  is  defined  as  a  time  averaged  value  {P'^)l(2m)  where 
the  time  average  is  taken  over  one  period  27r/fl  of  the  micromotion  [62].  This 
mean  kinetic  energy  can  be  compared  to  the  kinetic  energy  (as  given  by  the 
temperature)  obtained  for  the  harmonic  pseudopotential  approximation,  and 
thus  one  can  study  the  influence  of  the  micromotion  on  the  dynamics  of  laser 
cooling  of  a  single  ion  in  Paul  traps. 

It  turns  out  that  the  treatment  of  laser  cooling  with  harmonic  traps  de¬ 
scribes  the  cooling  dynamics  sufficiently  well  a.s  long  as  the  laser-atom  detu¬ 
ning  A  is  small  compared  to  the  micromotion  frequency  0,  more  precisely,  for 
I  A|  <  n  —  z/  —  r  [63].  When  this  condition  is  not  fulfilled,  cooling  may  arise  for 
additional  detunings,  and  heating  may  appear  where  cooling  was  expected. 


4.  PRECISION  SPECTROSCOPY 

Storing  ions  in  an  ultrahigh  vacuum  provides  samples  which  are  ideally 
suited  for  precision  spectroscopy.  The  absence  of  collisions  with  walls  or  a 
buffer  gas  and  the  virtually  infinite  interaction  times  make  these  samples  a 
good  choice  for  applications  with  time  and  frequency  standards.  The  potential 
instability  of  clocks  is  determined  by  the  Q  value  of  a  clock  transition,  i.e., 
Q  =  u^l  Alo  (where  Acu  denotes  the  linewidth  and  uj  is  the  center  frequency)  and 
the  signal-to-noise  ratio  with  which  the  center  frequency  can  be  determined. 
Since  it  is  currently  still  very  hard  to  lock  optical  frequencies  by  means  of  a 
frequency  chain  to  the  Cs  standard,  there  is  continuing  interest  in  the  search 
for  improved  frequency  standards  in  the  radio  frequency  domain. 

For  this  reason,  rf-optical  double  resonance  spectroscopy  of  hyperfine  split¬ 
tings  in  ion  clouds  is  performed  in  many  laboratories  [65-68,  76,  5,  70].  Several 
candidate  ions  have  been  investigated  in  the  past,  all  of  them  with  similar  level 
schemes  as  a  neutral  atom.  Most  promising  results  have  been  obtained  with 
measurements  of  the  ground-state  hyperfine  splitting  in  ^^^Hg"*"  and 
ions.  As  reported  by  Maleki  et  al.,  the  most  advanced  ion  trap  standard  to¬ 
day  with  a  cloud  of  trapped  ^^^Hg'*'  ions  in  a  linear  quadrupole  trap  yields  a 
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stability  figure  of  cry(r)  =  7  •  with  a  long  term  stability  of  about 

5. 10“^^  for  averaging  times  longer  than  lO^s  [5].  The  latter  has  been  measured 
by  comparing  two  trapped  ion  standards,  and  it  is  expected  that  a  long-term 
stability  of  at  least  1  •  10"^^  can  be  reached  with  the  current  setup.  The  accu¬ 
racy,  however,  is  limited  essentially  by  the  correction  for  the  2nd  order  Doppler 
shift  and  is  expected  to  achieve  10“^'^  with  fieldable,  room  temperature  and 
lamp  based  systems. 


FREQUENCY  (Hz) 

+  12  642  813  100  Hz 

Figure  1:  Ground-state  hyperfine  resonance  in  a  single  laser-cooled 
i7iYb+  ion,  from  Ref.  [7]. 


The  search  for  ions  that  can  used  as  rf  standards  and  can  be  optically 
pumped  and  prepared  by  means  of  efficient  solid  state  and  diode  laser  sources 
led  to  an  investigation  of  the  ion  [71].  Measurements  with 

ions  are  currently  performed  in  several  laboratories  [65-67],  and  its  ground- 
state  hyperfine  splitting  has  been  determined  to  be  Vhfs^  12  642  812  118.471 
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(9)  Hz  [67].  The  uncertainty  in  this  measurement  by  Tamm  et  al.  is  almost 
entirely  due  to  the  corrections  for  the  2nd  order  Doppler  shift  and  a  residual 
pressure  shift.  Nevertheless,  the  measured  linewidth  of  about  15  mHz  and  the 
signal-to-noise  ratio  yield  a  clock  performance  almost  comparable  to  primary 
Cs  standards  [67].  These  results  were  obtained  with  a  conventional  Paul  trap; 
more  recently  P.  Fisk  et  al.  obtained  even  higher  Q  values,  i.e.,  Q  =  1.5’  10^^ 
at  a  lower  temperature  of  the  ion  cloud  [66]. 

All  of  these  results,  however,  indicate  that  for  ultimate  accuracy  the  ions 
should  be  laser  cooled,  and  that  requires  the  use  either  of  a  single  ion  with  a 
conventional  Paul  trap  or  very  few  ions  along  the  axis  of  a  linear  Paul  trap. 
Thus,  very  recently,  the  first  rf-optical  double  resonance  spectra  were  reported 
from  single  laser-cooled  ^^®Hg+  [6]  and  ^'^^Yb+  [7].  As  an  example,  a  measure¬ 
ment  of  the  ground-state  hyperfine  transition  observed  in  a  single  laser-cooled 
17lYb+ 

ion  is  shown  in  Fig.  1.  Since  the  ion  was  cooled  to  the  Lamb-Dicke 
regime,  residual  systematic  shifts  such  as  Doppler  eflFect  and  Stark  effect  con¬ 
tribute  only  at  the  10~^^  level.  Therefore,  a  single  stored  and  laser-cooled  ion 
seems  to  be  a  good  choice  for  future  frequency  standards. 


|2> 


Figure  2:  Level  scheme  for  absorption  measurements  on  a  weakly 
coupled  transition. 


For  optical  frequency  standards,  a  variety  of  narrow  clock  transitions  is  cur¬ 
rently  under  investigation  in  several  ions.  In  order  to  observe  the  absorption 
on  a  weak  transition  with  a  single  stored  ion,  usually  “V”  type  three-level 
ions  are  considered  with  a  strongly  allowed  dipole  transition  for  cooling  and 
monitoring  and  with  a  narrow  clock  transition,  as  shown  in  Fig.  2. 

Absorption  on  the  weak  transition  causes  the  monitored  fluorescence  on 
the  strong  transition  to  cease  such  that  a  digital  (“on-off”)  scattered  intensity 
is  observed.  In  this  way  absorption  of  a  single  photon  can  be  detected,  and 
the  spectroscopic  line  shapes  are  obtained  by  recording  the  absorption  rate 
as  a  function  of  the  detuning  on  the  clock  transition.  This  technique,  known 
as  spectroscopy  with  quantized  fluorescence  and  based  on  Dehmelt’s  electron 
shelving  scheme  [72],  is  now  routinely  employed  in  many  laboratories.  Very 
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promising  results  have  been  obtained  with  the  5i/2— -£^5/2  quadrupole  transition 
in  a  single  Hg"^  ion  at  282  nm  where  a  linewidth  of  approximately  100  Hz  was 
observed  [8]  and  with  the  D3/2  -  £^5/2  magnetic  dipole  transition  in  a  single 
Ba+  ion  at  12,5  fim  [9],  The  latter  transition  is  of  interest  since  the  radiation 
of  a  laser  near  24  THz  is  directly  compared  to  a  Cs  standard  and  thus 

allows  the  determination  of  the  absolute  frequency  of  the  single  ion  transition 
in  the  far-infrared  regime. 

Similar  forbidden  transitions  are  currently  being  investigated  in  Sr"*"  ions 
near  674  nm  [10],  in  Yb+  ions  near  411  nm  [11]  and  467  nm  [12],  in  Ca+  ions 
at  729  nm  [13-15],  and  in  In+  ions  at  236  nm  [16],  It  is  expected  that  with 
further  development  of  solid  state  and  diode  lasers  the  observation  of  narrow 
optical  clock  transitions  from  single  trapped  ions  can  be  routinely  used  for 
frequency  standard  applications. 

5.  ORDERED  STRUCTURES 

Ordered  structures  of  ions  in  Paul  and  Penning  traps  were  first  observed  a 
few  years  ago  [74].  When  laser  cooled  to  less  than  1  K  ions  in  Paul  traps  were 
seen  to  form  orderly,  rigid  arrangements  such  as  rings  and  hollow  shells.  In 
the  Penning  trap  ions  form  concentric  shells  [73],  however,  individual  ions  are 
usually  not  distinguished  because  of  their  rapid  rotation  about  the  symmetry 
axis. 

Recently,  very  elongated  ion  structures  have  been  observed  by  Birkl  et  al. 
in  a  “race-track”  trap  [28,  75]  and  by  Raizen  et  al.  [76]  in  a  linear  trap. 
In  the  ring  trap  thousands  of  Mg+  ions  were  seen  to  form  a  single  strand 
or  more  complex  shapes  like  multiple  layers  of  intertwined  helices.  In  the 
linear  trap  similar  structures  were  obtained  with  Hg"^  ions,  forming  linear 
strings,  zigzags,  and  helices.  The  NIST  researchers  found  that  the  lasei  light 
scattered  by  a  two-ion  crystal  and  projected  onto  a  screen  formed  alternating 
light  and  dark  bands  [77].  The  bands  result  from  the  interference  of  the  emitted 
fluorescence  radiation.  The  distance  between  the  two  ions  could  be  deduced 
from  the  spacing  of  the  bands.  In  the  future,  the  arrangements  of  ions  in 
more  complicated  crystals  will  be  deduced  from  the  patterns  of  Bragg- scattered 
light,  just  as  the  arrangements  of  atoms  in  ordinary  crystals  are  deduced  by 
the  patterns  of  scattered  x-rays  or  neutrons.  The  first  observation  of  Bragg 
scattering  of  laser  light  off  a  cold  ion  cloud  in  a  Penning  trap  was  lecently 
reported  by  Tan  et  al.  [78]. 

6.  QUANTUM  OPTICS 

A  single  trapped  and  laser-cooled  ion  provides  an  almost  ideal  quantum 
system  and  is  thus  a  preferred  choice  for  quantum  optical  experiments.  In 
particular,  the  resonance  fluorescence  of  a  single  ion  can  be  observed  without 
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LASER  DETUNING 
AT  1.76  |um  (MHz) 


Figure  3:  Quantized  absorption  spectrum  of  the  5'i/2  — i?5/2  quadru- 
pole  transition  in  a  single  laser-cooled  Ba"^  ion  showing  motional 
sidebands,  from  Ref.  [64]. 


any  perturbation  by  the  presence  of  other  ions  or  the  interaction  with  surroun¬ 
ding  walls.  Confinement  to  the  Lamb-Dicke  regime,  moreover,  allows  one  to 
position  an  ion  at  a  fixed  location  in  space  and  with  respect  to  optical  fields. 
These  features  have  been  exploited  for  the  observation  of  the  nonclassical  an¬ 
tibunching  property  of  the  resonance  fluorescence  from  a  single  ion  [20,  21], 
and  they  are  paramount  for  the  observation  of  other  nonclassical  properties, 
such  as  squeezing  of  the  resonance  fluorescence  [22,  23]. 

During  recent  years,  spectacular  advances  in  laser  cooling  and  trapping 
have  enabled  the  experimental  observation  of  nonclassical  motion  of  trapped 
ions  and  atoms  [32,  79],  in  confirmation  of  theoretical  predictions.  The  quanti¬ 
zed  motion  of  the  particles  is  indicated  by  the  presence  of  asymmetric  motional 
sidebands  in  probe  field  absorption  spectra  or  in  resonance  fluorescence  spec¬ 
tra.  As  an  example,  Fig.  3  shows  the  absorption  on  the  S1/2  —  ^3/2  transition 
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in  a  single  Ba+  ion  which  was  obtained  by  Appasamy  et  al.  [64]  employing 
the  quantized  fluorescence  technique  as  described  above.  From  the  asymmetry 
in  the  height  of  the  sidebands  a  mean  excitation  number  of  (n)  =  5  could  be 
derived  which  corresponds  to  an  ion  temperature  of  about  0.33  mK.  Such  an 
asymmetry  is  a  clear  proof  of  the  quantum  nature  of  the  ion  motion  in  a  tiap. 
As  is  well  known  [46],  Doppler  cooling  as  well  as  sideband  cooling  leave  the  ion 
oscillation  in  a  thermal  distribution,  however  this  access  to  quantized  states  of 
motion  invited  further  investigation  of  the  possibility  of  generating  novel  and 
interesting  nonclassical  states,  such  as  Fock  states  and  squeezed  states  of  the 
ion  motion,  in  analogy  with  the  quantum  theory  of  light. 

The  interaction  of  a  harmonic  oscillator  coupled  to  a  two-level  system  is 
generally  investigated  in  quantum  optics  by  studying  the  .Jaynes- Cummings 
Hamiltonian  in  the  rotating  wave  approximation  (h  =  1), 


H  —  ujja^a  +  T 


where  and  a  are  creation  and  annihilation  operators  for  the  harmonic  oscilla¬ 
tor  oscillating  at  frequency  cj/,  and  a±^z  the  Pauli  spin  matrices  describing 
a  two-level  system  with  transition  frequency  Uq-  The  last  term  in  (1)  describes 
the  coupling  of  the  two-level  system  to  the  harmonic  oscillator  with  a  coupling 
strength  g. 

The  dynamics  of  a  two-level  ion  in  a  standing  wave  laser  field  which  moves 
in  a  harmonic  trapping  potential  is  described  by  the  Hamiltonian  [80] 


+  1  ^  /  it 

H  rz  i/a^a  -f  -Act.  +  — 


Here  u  is  the  trap  frequency,  A(~  —  r')  is  the  detuning  of  the  laser  frequency 
from  the  two-level  transition,  and  H  is  the  laser  Rabi  frequency;  rj  =  27rao/A 
is  the  Lamb-Dicke  parameter  with  ao  the  amplitude  of  the  ground  state  of  the 
trap  and  A  the  optical  wavelength. 

Therefore  this  leads  to  an  alternative  realization  of  the  Jaynes-Cummings 
model  (JCM)  [80-82]  with  the  associations 


A 

}y  ^  cjy,  (3) 

g  ^ 

The  conditions  for  such  a  realization  are  that  the  vibrational  amplitude  of 
the  ion  motion  is  much  less  than  the  wavelength  of  the  light  (Lamb-Dicke 
limit),  and  the  trap  frequency  ly  is  much  larger  than  the  atomic  spontaneous 
decay  rate  F  (strong  confinement  limit).  The  main  advantages  in  the  trapped 
ion  case,  as  compared  to  conventional  cavity  QED  experiments,  are  (i)  the 
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harmonic  oscillator  damping  is  negligible  and  (ii)  the  coupling  is  proportional 
to  the  laser  amplitude,  i.e.,  it  can  be  made  very  strong  simply  by  increasing  the 
laser  power.  Such  straightforward  control  of  the  coupling  strength  is  usually 
not  possible  in  cavity  QED  experiments. 

All  alternative  realization  of  the  Jaynes-Cummings-model  coupling  with 
trapped  ions  has  been  proposed  by  Wineland  et  al.  [83,  84].  In  this  work 
ions  having  an  unpaired  outer  electron  are  considered  to  be  trapped  along  the 
axis  of  a  linear  trap.  The  ions  are  subjected  to  a  homogeneous  magnetic  field 
which  quantizes  the  spins,  and  a  superimposed  inhomogeneous  field  gradient  is 
applied  whose  value  averages  to  zero  over  the  ions’  orbits.  However,  as  the  ions 
oscillate,  they  experience  a  motional  oscillating  field  which  tends  to  flip  the 
spin  and  reduces  or  increases  the  ions’  oscillator  quantum  number  according  to 
a  Jaynes-Cummings  coupling.  This  form  of  coupling  has  already  been  realized 
to  couple  the  spin  and  cyclotron  motion  of  a  single  electron  in  the  classic  g-2 
experiments  of  Dehmelt  and  his  collaborators  [85]. 

Taking  advantage  of  the  analogy  to  the  JCM,  use  of  a  single  trapped  ion  has 
been  proposed  for  the  preparation  of  Fock  states  in  a  strongly  coupled  atom- 
oscillator  system  [80],  This  proposal  is  based  on  the  observation  of  quantum 
jumps  from  the  .JCM  manifold  of  dressed  energy  levels  to  a  third  weakly  cou¬ 
pled  atomic  level  as  is  shown  in  Fig.  2.  For  a  strongly  driven  |1)  — 12)  transition 
the  atom  develops  the  well-known  JCM  energy  levels  whereas  the  weakly  cou¬ 
pled  state  |3)  shows  only  the  manifold  introduced  by  the  harmonic  oscillator, 
i.e.,  the  trap  levels.  Excitation  to  any  one  of  these  weakl}^  coupled  states  is 
observed  by  the  cessation  of  the  fluorescence  on  the  strong  transition,  i.e., 
by  observation  of  a  quantum  jump.  Since  the  detuning  of  the  exciting  laser 
(at  the  |1)  ~  |3)  transition)  is  known,  and  the  system  is  projected  to  one  of 
the  excited  states  only,  the  quantum  number  of  the  ion  oscillation  is  precisely 
known,  i.e.,  a  Fock  state  of  the  ion  motion  is  prepared.  In  this  configuration, 
preparation  of  a  Fock  state  corresponds  to  preparation  of  a  nonclassical  state 
of  motion  of  the  trapped  ion  with  fixed  energy  ntiu)  whereas  in  cavity  quantum 
electrodynamics  (CQED)  the  Fock  state  corresponds  to  a  nonclassical  state  of 
light  with  no  intensity  fluctuations  and  undetermined  phase.  The  significance 
of  the  use  of  the  trapped  ion  configuration  is  that  it  demonstrates  the  potential 
of  the  well-established  field  of  ion  trapping  for  investigations  of  features  of  the 
JCM  which  have  thus  far  been  studied  only  in  the  context  of  CQED. 

An  obvious  disadvantage  of  the  Fock  state  created  by  the  aforementioned 
procedure  is  the  fact  that  the  excited  state  |3)  can  spontaneously  decay  to  the 
gi'ound  state.  However,  the  final  motional  state  will  closely  approximate  a  Fock 
state  provided  //  is  small,  since  the  probability  that  the  spontaneous  decay  is 
accompanied  by  a  change  in  the  motional  quantum  number  n  is  proportional 
to  7].  Another  scheme  for  the  preparation  of  nonclassical  states  of  motion  such 
as  Fock  states  and  superpositions  of  Fock  states  is  based  on  adiabatic  passage 
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along  dressed  energy  levels  of  the  strongly  coupled  ion-trap  system  by  vaiying 
the  laser  frequency  [86].  For  this  purpose  it  is  assumed  that  a  single  two- level 
ion  has  been  optically  pumped  by  sideband  cooling  to  its  lowest  vibrational 
level.  Then  a  slow  variation  of  the  laser  frequency  can  be  used  in  such  a  way 
that  the  ion  motion  is  left  in  a  nonclassical  state  whereas  the  internal  atomic 
state  is  the  ground  state.  This  adiabatic  passage  is  coherent  if  one  chooses,  e.g., 
an  electric  dipole-forbidden  transition.  After  the  frequency  chirp  cycle  the  ion 
will  be  left  in  its  internal  ground  state;  therefore  the  prepared  motional  state 
persists  owing  to  the  absence  of  spontaneous  emission.  It  has  been  shown  that 
such  a  procedure  can  be  easily  extended  from  one  to  two  or  three  dimensions 
and  is  not  restricted  to  the  Lamb-Dicke  limit  [86].  Finally,  this  scheme  is 
simpler  to  realize  experimentally  and  is  fairly  insensitive  to  uncertainties  in 
experimental  parameters.  However,  it  requires  sideband  cooling  to  the  lowest 
vibrational  state  at  the  outset. 

In  addition  to  Fock  states,  squeezed  states  of  ion  motion  can  be  produced  as 
follows  [81]:  Consider  an  ion  to  be  located  at  a  common  node  of  two  (different 
frequency)  standing- wave  laser  fields.  When  the  beat  frequency  between  the 
light  fields  is  equal  to  twice  the  trap  frequency,  the  steady  state  of  the  system  is 
a  pure  state  described  by  a  product  of  the  ground  internal  state  of  the  ion  and 
a  squeezed  state  of  the  quantized  motion.  Hence  the  generation  of  a  squeezed 
state  is  indicated  by  a  cessation  of  the  fluorescence  emitted  by  the  ion,  m 
this  case  by  a  so-called  “dark-state.’’  Related  dark  states,  created  by  coherent 
population  trapping  in  nonabsorbing  atomic  states,  have  already  been  studied 
in  detail  [87].  Alternative  schemes  for  the  preparation  of  oscillator  squeezed 
states  in  an  ion  trap  have  also  been  proposed  involving  either  a  nonadiabatic 
change  in,  or  a  parametric  driving  of,  the  voltage  between  the  electrodes  of 
the  ion  trap  [88]. 

Similar  to  squeezed  states,  a  coherent  state  of  the  trap  motion  may  be 
produced.  This  is  achieved  with  a  single  trapped  ion  at  the  node  of  a  standing- 
wave  field  with  a  frequency  detuned  to  the  lower  sideband  and  an  additional 
traveling  wave  on  resonance.  Also,  starting  after  sideband  cooling  with  an  ion 
in  state  n  —  0,  a  coherent  state  could  be  produced  by  suddenly  shifting  the 
center  position  of  the  ion’s  well  or  by  driving  the  oscillator  with  a  classical 
resonant  excitation  [88,  84]. 

Experimentally  the  various  oscillator  states  should  be  measured  by  the 
observation  of  quantum  collapse  and  revival  as  in  CQED  [89,  90].  With  the 
alternative  realization  of  the  JCM  such  an  experiment  could  be  performed  as 
follows:  Consider  a  single  trapped  ion  with  an  internal  level  scheme  as  indicated 
in  Fig.  2  trapped  at  the  node  of  a  standing-wave  laser  field  exciting  the  two-level 
transition  |1)  -  |3).  This  is  a  weakly  coupled  transition  (usually  a  forbidden 
transition),  for  which  the  spontaneous  decay  time  is  long  compared  to  the 
observation  time  r  and  the  trap  period  v  ^ .  It  is  assumed  that  this  transition 
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is  driven  by  a  very  strong  standing-wave  field  in  such  a  way  that  the  effective 
coupling  constant  7/0/2  leads  to  several  Rabi  oscillations  dui*ing  the  interaction 
time,  but  it  still  satisfies  the  conditions  i/,  |A|  ^  7/0,  F,  |A  —  v\,  and  7/  <C  1  . 
The  third  level  |2)  is  used  for  optical  cooling  of  the  ion  (initial  preparation) 
and  for  a  measurement  of  the  population  inversion  (on  the  |1)  —  |3}  transition). 
Measuring  the  population  inversion  as  a  function  of  the  interaction  time  on 
the  |1)  —  |3)  then  reveals  the  collapse  and  revival  phenomenon  whose  shape 
provides  a  signature  of  the  statistical  distribution  of  the  initially  prepared 
oscillator  state  [90]. 

Finally,  it  should  be  noted  that  for  an  experiment  with  a  single  trapped  ion 
the  localization  at  the  node  of  the  standing  wave  is  only  required  to  suppress 
unwanted  transitions  |1,7^)  ^  |2,72)  {n  denotes  the  quantum  number  of  the 
ions  oscillatory  motion)  which  may  appear  at  the  exact  resonance  frequency. 
Placing  an  ion  at  the  node  of  the  standing  wave  field  allows  interaction  only 
with  the  motional  sidebands  corresponding  to  transitions  \g^n)  |e,n  ±  1 ). 
For  a  highly  forbidden  transition  such  as,  for  example,  that  used  in  the  quan¬ 
tum  jump  experiments  [17-19],  a  traveling  wave  detuned  to  the  lower  sideband 
(i.e.,  uji  =  ujQ  —  1/)  would  be  sufficient  for  the  observation  of  these  phenomena. 
Thus,  an  experimental  realization  of  the  proposed  technique  seems  to  be  rea¬ 
dily  feasible  with  single  trapped  Ba+,  Ca+,  Sr^,  Hg"^,  In'*',  and  Yb"*"  ions. 


7.  SUMMARY 

Ion  storage  has  become  a  routine  technique  in  many  laboratories.  It  is 
especially  suited  for  applications  in  precision  spectroscopy  and  for  frequency 
and  time  standards.  Recent  results  have  been  summarized  and  discussed.  New 
laser  cooling  techniques  have  been  proposed  and  reviewed,  and  applications  of 
a  single  laser-cooled  trapped  ion  for  experiments  in  quantum  optics  have  been 
suggested.  In  particular,  it  was  shown  that  a  single  ion  trapped  at  the  node 
of  a  standing-wave  laser  field  represents  an  alternative  object  for  a  study  of 
the  Jaynes- Cummings  model  and  allows  for  the  preparation  of  nonclassical 
states  of  the  quantized  ion  motion  in  a  trap.  With  this  it  is  perceived  that  the 
well-established  field  of  ion  trapping  provides  an  alternative  testing  ground  for 
strongly  coupled  cavity  QED. 
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Abstract:  A  short  review  about  recent  developments  of  coherent  atom  optics  and  atom 
interferometry  is  given.  The  paper  mainly  concentrates  on  light  fields  as  optical 
elements  for  de  Broglie  waves.  Ramsey  type  interferometers  for  measurements  of 
fundamental  constants  as  well  as  for  the  study  of  pure  quantum  mechanical  phase 
shifts  are  discussed  in  more  detail.  As  an  example  measurements  of  the  scalar 
Aharonov-Bohm  phase  shift  on  laser  trapped  magnesium  atoms  are  presented.  For 
future  atom  cavities  and  large  area  interferometers  evanescent  light  fields  acting  as 
mirrors  seem  to  be  best  suited.  Recent  experimental  demonstrations  of  the  reflection 
and  diffraction  of  atoms  with  evanescent  light  fields  are  discussed.  The  specific 
advantages  in  using  laser  manipulated  and  cold  atoms  in  the  field  of  atom  optics  and 
matter-wave  interferometry  are  described. 


INTRODUCTION 

The  recent  realization  of  atom  interferometers  has  revived  many  ideas  for 
possible  experiments  with  matter-wave  interferometers  and  some  experiments 
have  already  been  realized  (1-9).  Matter-wave  interferometers  offer  the  unique 
possibility  to  measure  phase  shifts  of  the  wave  function.  Due  to  this  access  to  the 
purely  quantum  mechanical  behaviour  of  "particles'',  fundamental  tests  of 
quantum  mechanics  can  be  performed.  E.g.,  the  whole  area  of  topological 
(geometrical)  phases  like  the  Aharonov-Bohm  effect,  Berry’s  phase  and  related 
effects  can  be  explored.  The  question  of  non-locality  of  quantum  mechanics  and 
the  principle  of  causality  often  studied  via  "Gedanken'  -experiments  can  be 
addressed  now  by  laboratory-scale  experiments  for  massive  particles.  Though,  a 
lot  of  experiments  to  very  important  questions  have  yet  been  studied  with 
neutrons  (10),  atoms  offers  the  unique  possibility  of  the  manipulation  of  the 
internal  degrees  of  freedom  during  the  interference  process.  Furthermore,  with 
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the  increased  interaction  time  using  slow  atoms,  precision  tests  of  charge 
neutrality,  parity  violation,  sensitive  measurement  of  gravity  and  highest 
precision  spectroscopy  can  be  envisaged.  With  increasing  density  in  phase  space 
the  influence  of  the  different  kinds  of  quantum  statistics  will  be  monitored  and 
will  lead  to  completely  new  effects  in  nonlinear  atom  optics. 

The  output  of  an  interferometer  depends  on  its  reference  frame,  i.e.  it  can  be 
used  as  an  inertial  sensor.  For  optical  interferometers  this  has  led  to  the 
development  of  laser  gyros  as  high-sensitivity  rotation  sensors.  For  an  atom 
interferometer  using  thermal  atoms  the  Sagnac  effect  already  has  been 
demonstrated  (3).  The  extrapolation  of  the  achieved  sensitivity  to  a  device  using 
cold  atoms  shows  values  far  superior  to  existing  laser  gyros. 

With  the  Stanford  Raman  interferometer  measurements  of  the  gravitational 
acceleration  have  been  performed  already  rivaling  the  best  optical  methods  in 
resolution  (8).  For  this  experimental  scheme  considerable  improvement  in 
sensitivity  is  also  possible,  so  that  a  gravimeter  based  on  atom  interferometry  will 
be  the  most  sensitive  device  in  the  near  future. 

The  high  sensitivity  of  interferometric  measurements  also  allows  to  study  the 
properties  and  interactions  of  the  interfering  particles  itself.  Besides  measurements 
of  polarizabilities  and  transition  dipole  moments,  interaction  of  the  interfering 
particles  with  each  other  via  cold  collisions  or  the  interaction  with  nearby  surfaces 
can  be  monitored.  From  a  metrological  point  of  view  a  precision  determination 
of  the  recoil  shift  of  an  optical  transition  constitutes  an  independent  way  to 
measure  the  atomic  mass.  A  determination  of  the  Cs  atom  rest  mass  accurate  to 
10’^  has  been  performed  with  a  cold  atom  interferometer  (9). 

All  those  experiments  described  above  demand  for  coherent  optics  for  matter 
waves:  The  key  elements  to  build  an  atom  interferometer  are  coherence 
preserving  beam  splitters  and  mirrors,  atomic  sources  with  high  brightness  and 
convenient  and  efficient  detectors  for  the  interfering  particles. 

Mirrors  for  atoms  can  be  realized  in  different  ways.  Efficient  reflection  for 
rare  gas  atoms  has  been  achieved  in  the  early  work  of  Stem  and  Estermann  with 
diffraction  from  single  crystal  surfaces  (11).  Unfortunately  only  ground  state 
atoms  are  reflected  and  the  possible  interaction  with  surface  phonons  leads  to  a 
loss  of  coherence.  The  up  to  now  most  promising  mirror  configuration  makes  use 
of  the  strong  dipole  force  an  atom  experiences  in  the  steep  intensity  gradient  of 
an  evanescent  light  field  (12).  With  an  evanescent  light  field  mirror  atoms  can  be 
reflected  considerably  distant  from  the  substrate  surface  so  that  surface  quality  is 
not  a  demand  as  critical  as  for  direct  surface  diffraction.  Evanescent  wave  mirrors 
have  been  demonstrated  so  far  for  several  alkalies  and  metastable  rare  gases  (13- 
16). 

A  second  class  of  deflecting  devices  make  use  of  the  discrete  transfer  of  photon 
momenta  during  Rabi  cycling.  The  basic  idea  is  applicable  to  two-level  systems 
as  in  the  case  of  optical  Ramsey-Borde  interferometry  and  also  by  Raman 
transitions  to  atoms  with  multiple  ground  states  (4,  17-20).  The  beam  splitting 
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property  of  the  light  matter  interaction  becomes  apparent  by  considering  fractional 
Rabi  cycles,  e.g.  7r/2-pulses.  These  kind  of  beam  splitters  have  the  additional 
advantage  of  producing  an  entanglement  between  internal  and  external  state  of  the 
atom.  In  atom  interferometers  based  on  these  mirrors  and  beamsplitters  like  the 
Ramsey-Borde  interferometer  (3,  7)  and  the  Raman-echo  interferometer  (8)  the 
interference  process  takes  place  in  real  space  and  is  also  labelled  by  different 
internal  states  in  the  spinor  space  of  the  atoms. 

Transmitting  and  reflecting  gratings  as  beam  splitters  based  on  the  dipole  force 
have  been  realized  with  standing  light  fields  and  also  with  evanescent  waves.  A 
problem  of  these  beam  splitters  is  the  low  efficiency  so  that  up  to  now  no 
interferometer  of  this  type  has  been  realized.  Nevertheless,  the  use  of  optic^ 
potentials  e.g.  for  the  realization  of  lenses  and  for  atom  lithography  is 
promising. 

The  progress  made  in  microfabrication  has  allowed  to  build  material  gratings, 
slits,  zone  plates,  etc.  with  dimensions  suitable  to  act  as  diffractive  elements  of  de 
Broglie  waves.  The  successful  operation  of  the  MIT  three-grating  interferometer 
(2)  and  the  demonstration  of  Young's  double  slit  experiment  for  matter  waves  in 
Konstanz  (1)  emphasize  the  suitability  of  micro  structures  for  atom  or  to  be  more 
general  de  Broglie  wave  optics  and  interferometry. 

Laser  cooling  of  atoms  allows  to  prepare  ensembles  for  atom  optics  and 
interferometry  at  low  temperature  with  high  density  in  phase  space.  Furthermore, 
due  to  the  possibility  to  prepare  cooled  beams  at  arbitrary  velocity  the  de  Broglie 
wavelength  can  be  tuned  from  10"^^  m  at  thermal  velocities  to  10"^  m  and  beyond 
for  atoms  below  the  recoil  limit.  Laser-slowed  and  compressed  atomic  beams  with 
brightness  B  =10^"^  atoms  sterad'^  cm’^  s'^  at  a  total  flux  between  10^-10^  s'^ 
have  been  reported  (21-23).  Although  supersonic  expansion  soUrces  for  rare  gases 
may  easily  exceed  this  value  by  several  orders  of  magnitude  the  real  advantage  of 
a  laser  prepared  atomic  beam  is  the  low  velocity  spread  and  the  density  in  phase 
space.  Most  atom  optics  devices  show  large  chromatic  aberrations  which  favors 
the  use  of  low-velocity-spread  beams.  Low  absolute  velocity  also  allows  for 
larger  splitting  angles  for  beam  splitters  because  the  ratio  between  the  fixed 
maximum  transverse  momentum  transfer  and  the  longitudinal  momentum  becomes 
better.  For  atoms  dropped  from  a  magneto-optical  trap  bouncing  from  an 
evanescent  wave  mirror  has  been  demonstrated  (24,  25)  so  that  a  resonator  for  de 
Broglie  waves  with  one  reflecting  mirror  and  the  use  of  gravity  is  possible  (26). 

Also  the  sensitivity  of  atom  interferometry  benefits  in  two  ways  from  lower 
velocity  atoms  (27).  First  the  larger  splitting  angles  allow  usually  for  a  larger 
enclosed  area  of  the  interferometer.  This  way  the  sensitivity  to  perturbations  that 
enter  the  Hamiltonian  as  a  vector  potential,  e.g.  rotations,  is  enhanced.  Second 
the  lower  velocity  allows  for  longer  interaction  time  with  perturbing  scalar 
potentials  like  gravity  so  that  a  larger  phase  shift  can  be  sampled. 

To  resume  the  short  overview  we  state  that  microfabricated  structures  are  at 
present  the  most  efficient  optical  elements  for  thermal  atoms  and  -  recently 
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demonstrated  at  MIT  -  molecules.  Introducing  the  techniques  of  laser  cooling  and 
laser  manipulation  of  atoms  light  fields  as  optical  elements  become  an  attractive 
alternative  and  furthermore  cold  atom  interferometers  on  "trapped"  ensembles, 
nearly  at  rest  in  the  laboratory  frame,  can  be  considerably  more  sensitive  than 
their  thermal  counterparts. 

In  the  next  sections  we  will  stress  in  more  detail  the  advantages  of  cold  atoms 
for  interferometry  and  atom  optics.  Some  different  cold  atom  interferometers  will 
be  described,  the  application  of  cold  atom  interferometry  to  a  possible  optical 
frequency  standard  will  be  discussed  and  the  measurement  of  a  topological  phase 
akin  to  the  scalar  Aharonov-Bohm  effect  will  be  presented.  The  use  of 
evanescent  waves  as  optical  elements  for  cold  atoms  is  discussed  in  the  last 
section.  Finally  a  short  outlook  to  future  developments  is  given. 


COLD  ATOM  INTERFEROMETRY 
Overview 

Cold  atom  interferometers  have  been  used  so  far  to  study  the  effect  of  gravity, 
to  measure  atomic  properties,  to  prepare  a  highly  accurate  optical  frequency 
reference  and  to  detect  a  topological  phase. 

An  ingenious,  conceptually  simple  interference  experiment  using  cold  atoms 
has  been  done  by  Shimizu  et  al.  with  metastable  Ne  atoms  freely  falling  from  a 
magneto-optical  trap  through  a  double-slit  structure  on  a  microchannelplate 
detector  (5).  The  distance  between  the  source,  the  slits  and  the  detector  was  76 
mm  and  113  mm  respectively.  With  the  6  /xm  spacing  of  the  slits  a  typical 
spacing  of  the  interference  fringes  of  200  /xm  has  been  achieved.  To  ensure 
coherent  illumination  of  the  slits  the  diffractive  spreading  from  the  source  had  to 
be  larger  than  the  slit  separation.  The  low  initial  velocity  of  the  atoms  allowed  for 
a  source  diameter  of  more  than  20  jum  determined  by  the  size  of  an  optical 
pumping  beam.  Using  a  gated  detection  method  interference  fringes  from 
different  initial  velocities  and  thus  different  de  Broglie  wavelength  have  been 
observed.  The  measured  fringe  spacing  matches  well  the  theoretical  exspectation. 
Because  the  fringe  spacing  depends  on  the  de  Broglie  wavelength  and  thus  on  the 
atomic  inertial  mass,  while  the  energy  gain  in  the  gravitational  field  depends  on 
the  gravitational  mass,  this  experiment  tests  the  weak  equivalence  principle. 

A  precision  measurement  of  the  gravitational  acceleration  has  been  done  by 
Kasevich  et  al.  using  a  Raman-echo  interferometer  for  sodium  atoms  in  an  atomic 
fountain  (8).  In  difference  to  the  experiment  described  above  the  phase  shift  due 
to  gravitation  here  is  independent  of  the  atomic  mass.  Sodium  atoms  are  cooled 
and  trapped  in  a  magneto-optical  trap,  cooled  to  subdoppler  temperatures  in 
polarization  gradient  molasses  and  launched  vertically  by  a  moving  molasses.  A 
pulsed  standing  lightwave  containing  appropriate  sidebands  drives  a  velocity 
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selective  Raman  transition  between  the  two  hyperfine  levels  (F  =  3,  F  =  4)  of 
the  ^Si/2  ground  state  of  the  sodium  atoms.  A  7r/2-7r-7r/2  pulse  sequence  splits, 
redirects  and  recombines  the  wavefunction  of  an  atom.  The  interference  signal 
can  be  read  out  by  monitoring  the  population  of  the  hyperfine  levels  due  to  the 
entanglement  between  external  and  internal  state  of  the  atom.  The  fringe  phase  of 
the  output  signal  of  the  interferometer  depends  on  the  total  phase  difference  of  the 
Raman  pulses  at  the  interaction  points  with  the  atom: 


^out  =  <|)i-2<|)2  +  4>3- 


(1) 


The  interference  fringes  can  be  scanned  just  by  scanning  the  phase  of  one 
pulse.  Note  that  a  variation  of  the  pulse  phases  linear  in  time  e.g.  due  to  a 
constant  Doppler  shift  cancels.  The  quadratic  phase  shift  due  to  the  free  falling  of 
the  atoms  against  the  beamsplitters  can  be  measured  by  a  compensation  method. 
For  a  total  interaction  time  of  70  ms  the  acquired  phase  shift  corresponds  to  about 
10^  fringes.  A  phase  resolution  better  than  3-10‘^  rad  ensured  a  sensitivity  of 
3- 10'^  g  in  the  measurements  at  Stanford.  Further  increase  in  sensitivity  just  by 
choosing  longer  interaction  times  requires  careful  stabilization  of  the  reference 
frame. 

In  a  similar  experiment  Weiss  et  al.  performed  a  precision  determination  of  the 
atomic  mass  of  Cs  by  measuring  the  recoil  velocity  with  a  Raman-Ramsey 
interferometer  (9).  Here  Cs  atoms  are  prepared  in  an  atomic  fountain.  Near  the 
turning  point  of  their  trajectory  the  atoms  are  exposed  to  a  7r/2-7r/2-'7r-...-7r"7r/2- 
x/2  Raman  pulse  sequence  inducing  transitions  between  the  hyperfine  levels  of 
the  ground  state.  Without  the  central  sequence  of  x-pulses  just  as  in  the  case  of 
optical  Ramsey  interferometry  discussed  below  the  interference  signal  consists  of 
two  recoil  components  separated  in  frequency  space  by  2fik^/m.  The  effect  of  the 
sandwiched  x-pulses  is  to  enlarge  the  recoil  splitting  by  the  number  of  transferred 
photon  momenta.  This  way  the  recoil  shift  has  been  measured  to  a  precision  of 
10"^  within  2  hours  of  integration  time.  With  the  known  photon  momentum  the 
ratio  h/m  can  be  derived. 


The  Ramsey-Borde  Interferometer  with  Mg  Atoms 

Instead  of  using  a  Raman  transition  the  four  pulse  Ramsey  sequence  can  be 
applied  readily  to  a  narrow  optical  transition.  Using  a  Ramsey-Borde 
interferometer  (28)  in  the  time  domain  we  investigate  the  possibility  of  an  optical 
frequency  standard  based  on  the  ^Sq-^Pi  intercombination  transition  of  Mg.  Mg 
atoms  are  ideally  suited  for  this  application  as  the  lifetime  of  the  state  of  5.1 
ms  allows  for  long  coherent  interaction  time  with  light  fields  and  the  closed 
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Figure  1 :  Level  scheme  of  the  Mg  atom  (only  levels  relevant  for  the  experiment  are 
shown) 

^Sq'^Pi  transition  with  an  upper  level  lifetime  of  only  2  ns  can  be  used  for 
efficient  laser  manipulation  of  the  atomic  motion  (Fig.  1).  The  basic  idea  of 
pulsed  interferometry  is  sketched  as  a  recoil  diagram  in  Figure  2.  Two 
counterpropagating  pairs  of  parallel  laser  pulses  resonant  with  the 
intercombination  transition  irradiate  the  free  atoms.  Among  the  different  paths  of 
the  split  atomic  wave  packets  due  to  the  momentum  exchange  with  the  pulses 
there  are  two  pairs  forming  two  closed  trapezoids.  The  probability  amplitudes  for 
a  packet  to  move  along  the  different  paths  of  a  trapezoid  interfere  at  the  last 
beamsplitter  pulse.  Thus  again  the  interference  can  be  read  out  by  monitoring  the 
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population  of  the  atomic  states.  Evaluating  the  phase  difference  between  the  two 
arms  of  a  closed  trapezoid  for  an  atom  finally  in  the  excited  state  renders  (29): 

^out  “  2(A±6)r  +  (4>2“4^i  ■'■4^4  “^3)  ^  ^ 


Here  (j)[  denote  the  phases  of  the  beamsplitter  pulses,  T  denotes  the  delay  between 
copropagating  pulses,  A  denotes  the  detuning  between  the  atomic  resonance  and 
the  laser  frequency  and  8  is  the  recoil  shift.  The  signal  thus  consists  of  two 
sinusoidal  fringe  systems  separated  in  frequency  space  by  two  recoil  shifts.  Of 
course  also  the  open  paths  of  the  recoil  diagram  give  rise  to  interference  terms, 
but  their  separation  at  the  last  beamsplitter  is  usually  larger  than  the  coherence 
length  so  that  their  contribution  is  negligible.  The  squared  probability  amplitude 
for  the  open  paths  sums  up  to  the  incoherent  Doppler  and  saturation  dip 
background  of  the  interference  signal. 

The  fringe  position  depends  explicitly  on  the  laser  frequency.  This  fact  has 
been  used  for  many  years  to  perform  ultrahigh  resolution  spectroscopy  on  the 
narrow  lines  in  the  infrared  and  visible  wavelength  region  (30,  31).  With  the  use 
of  a  pulsed  scheme  on  trapped  atoms  considerable  progress  in  accuracy  is 
achieved  compared  to  a  conventional  beam  setup.  The  two  main  sources  of 
systematic  uncertainties  2nd  order  Doppler  shift  and  laser  phase  error  due  to 
imperfect  optics  are  inherently  suppressed  because  of  the  low  absolute  velocity  of 
the  atoms  and  the  possibility  to  cut  the  pulse  pairs  from  single  laser  beams.  A 
estimate  of  all  known  systematic  sources  of  error  shows  a  potential  accuracy  of 
6u/p  =  2*10-^^  (7). 


Figure  3:  Sketch  of  the  experimental  setup  for  pulsed  interferometry  with  trapped  Mg 
atoms 
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The  experimental  setup  is  sketched  in  Figure  3.  Mg  atoms  either  from  a 
thermal  or  a  laser  slowed  atomic  beam  are  stored  in  a  magneto-optical  trap 
operating  on  the  strong  transition  at  285.2  nm,  A  frequency-doubled  dye 

laser  at  570  nm  provides  the  necessary  UV  radiation.  Typical  values  for  the 
number  of  trapped  atoms  in  a  first  experimental  run  were  10^  from  a  thermal 
beam  and  4-10^  from  the  laser  slowed  beam.  The  temperature  of  the  atoms 
measured  with  a  time-of-flight  technique  is  close  to  the  Doppler  limit  of  the  pure 
two  level  system  corresponding  to  a  rms  velocity  of  o-y  =  0.81  m/s.  The  trap 
fluorescence  decays  linearly  when  the  loading  is  switched  from  the  slowed  source 
to  the  thermal  beam  with  a  time  constant  between  r  =  0.2-0. 8  s  depending  on  the 
laser  intensity  and  the  detuning  from  the  trap  transition.  The  linear  behavior  of 
the  trap  population  enables  the  use  of  the  trap  dynamics  for  a  signal  amplification 
of  the  interference  signal  as  will  be  discussed  below. 

The  light  pulses  for  interferometry  are  delivered  by  an  ultrastable  dye  laser 
spectrometer  at  457  nm.  The  linewidth  of  the  laser  frequency,  relative  to  a 
reference  cavity,  as  derived  from  the  electronic  error  signal  from  the  frequency 
control  circuit  is  at  the  Hz  level.  The  true  linewidth  of  the  radiation  irraiating 
the  atoms  is  of  course  larger  due  to  the  imperfect  isolation  and  drift  of  the 
reference  cavity,  systematic  errors  in  the  locking  circuitry,  the  Doppler  effect  of 
vibrating  mirrors  etc.  From  the  observed  contrast  of  the  interference  fringes  for 
different  dark  times  T  we  can  state  a  linewidth  surely  below  2  kHz.  The  pulses 
for  the  interferometry  are  cut  from  single  beams  with  acousto-optic  modulators. 

The  pulsed  scheme  demands  a  periodic  experiment.  A  cycle  begins  with  trap 
loading  for  about  10  ms.  To  avoid  lineshifts  and  destruction  of  coherence  the 
trapping  light  and  the  quadrupole  magnetic  field  are  switched  off  within  20  ^s 
before  the  interferometry  pulses  irradiate  the  freely  expanding  atomic  cloud.  The 
total  trap  off  time  is  300  /iS  and  the  time  T  between  copropagating  pulses  was 
chosen  between  6.3  and  100  jus  in  the  experiments  described  here.  After  the 
last  of  the  four  pulses  which  closes  the  interferometers  the  trap  is  switched  on 
again  and  its  fluorescence  is  monitored.  The  decrease  in  the  trap  fluorescence  is 
a  quantum  amplified  measure  of  the  number  of  transitions  to  the  metastable  state. 
Typically  1  %  of  the  trapped  atoms  are  excited  to  the  metastable  state  in  a  single 
cycle.  Due  to  the  long  lifetime  of  the  level  the  probability  for  an  excited  atom 
to  leave  the  capture  range  of  the  trap  before  decaying  to  the  ground  state  is  high. 
Thus  the  excitation  to  the  metastable  state  can  be  thought  of  as  an  additional  loss 
mechanism.  Repeating  the  cycle  many  times  during  the  lifetime  of  the  undisturbed 
trap  the  losses  are  accumulated  and  the  number  of  trapped  atoms  tends  to  a  new 
equilibrium  value.  Solving  the  rate  equation  for  the  number  of  trapped  atoms  with 
typical  experimental  parameters  the  above  mentioned  1  %  excitation  probability 
per  cycle  leads  to  a  30%  decrease  of  the  stationary  fluorescence. 

Figure  4  shows  interference  signals  for  different  time  delays  T  corresponding 
to  fringe  periodicities  between  80  kHz  and  5  kHz.  The  integration  time  per  point 
is  4  s.  The  resolved  line  Q  is  vibv  =  5*10^^  The  noise  of  the  signal  is 
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Rgure  4:  Ramsey  fringes  obtained  with  trapped  atoms  for  different  pulse  separations 
T.  The  incoherent  background  signal  has  been  subtracted. 

consistent  with  the  shot  noise  fluctuations  in  the  number  of  trapped  atoms. 
Locking  the  laser  frequency  to  the  resolved  resonances  yields  a  stability  of  oviv 
=  8  7- 10'*^  within  an  integration  time  of  20  s  (32).  Since  the  data  shown  here 
have  been  achieved  with  the  trap  filled  from  the  thermal  beam  improving  the  Sm 
is  straightforward  by  working  with  the  laser  slowed  beam  if  additional  noise 
sources,  which  hindered  higher  resolution  in  first  experiments,  can  be  kept  under 
control. 


Measurement  of  the  Scalar  Aharonov-Bohm  Effect 

In  a  first  application  of  our  cold  atom  interferometer  we  used  the 
interferometer  to  detect  a  topological  phase  shift  akin  to  the  scalar  Aharonoy- 
Bohm  effect  (33-35).  Consider  a  particle  under  the  influence  of  a  spati^ly 
constant  but  time  varying  potential  U(t).  Evaluating  the  extra  phase  via  the  action 
integral  regarding  that  momentum  is  conserved  because  gradU  -  0  by  detimtion 
yields: 


H  •  -f  »/,•"■  -  /‘'W.o 


(3) 
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In  order  to  observe  this  extra  phase  a  reference  wave  not  experiencing  the  extra 
potential  is  needed  for  interference.  For  a  particle  without  internal  structure  this 
is  not  possible  in  a  simple  connected  space-time  region  because  the  gradient  of 
the  potential  cannot  vanish  everywhere  between  the  particle  and  the  reference.  In 
their  original  proposal  for  an  electron  interacting  with  a  pulsed  electrostatic 
potential  Aharonov  and  Bohm  used  suitable  temporal  and  spatial  barriers  to 
prevent  the  electrons  from  piercing  the  regions  of  a  non-vanishing  gradient  of  the 
potential. 

Due  to  the  entanglement  of  internal  and  external  states  in  the  pulsed  Ramsey 
interferometer  the  original  idea  of  the  Aharonov-Bohm  can  be  transferred  without 
the  need  of  an  excluded  spatial  region,  if  a  pulsed  and  state  selective  potential  is 
applied.  Here  the  internal  structure  of  the  atom  shelves  part  of  the  atom  from  the 
potential.  A  convenient  choice  for  the  state  selective  potential  is  the  light  shift 
generated  by  an  expanded  laser  beam  detuned  from  the  strong  transition 

(36).  The  additional  potential  is  applied  during  the  dark  time  between  the  pulses 
of  a  copropagating  pair  of  interferometer  pulses.  The  intensity  I,  detuning  D  and 
rise  time  of  the  shifting  laser  pulse  are  suitably  chosen  to  ensure  adiabatic 
evolution  and  minimization  of  excited  state  admixture  in  order  to  avoid  coherence 
destruction  by  spontaneous  emission.  In  the  limit  of  large  detuning  and  low 
intensity  the  phase  shift  due  to  a  pulse  of  duration  T  ^  is  proportional  to: 


5$  «  Ir  (4) 

D 

Figure  5  shows  typical  interference  signals  with  and  without  the  additional 
potential.  The  phase  shift  of  nearly  tt  is  clearly  visible.  The  two  signals  are 
recorded  in  parallel  at  every  frequency  step  in  order  to  minimize  the  influence  of 
the  drift  of  the  dye  laser  spectrometer.  Figure  6  shows  detected  phase  shifts  for 
different  experimental  parameters  versus  I/D-T".  The  phase  shift  is  only 
dependent  on  the  mentioned  combination  of  experimental  parameters  and 
independent  of  the  direction  of  the  shifting  beam  or  the  chosen  periodicity  of  the 
Ramsey  fringes  and  agrees  well  with  the  expected  linear  dependency.  The 
topological  nature  of  the  effect  is  proven  by  the  contrast  of  the  Ramsey  fringe 
envelope  and  by  laser  beam  reversal  and  will  be  discussed  in  a  forthcoming 
publication. 
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Rgure  5:  Simultaneously  detected  Ramsey  fringes  showing  the  Aharonov-Bohm  phase 
shift.  Upper  curve  with  and  lower  curve  without  the  additional  light  shift  potential. 


Rgure  6:  Measured  phase  shift  vs.  I/D  T'  for  different  parameters  of  the  additional 
potential.  The  error  bars  contain  the  fit  error  for  the  phase  shift  (y)  and  the  fluctuations 
in  the  intensity  of  the  light  shift  beam  (x). 
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COLD  ATOM  OPTICS 
Overview 

For  interference  experiments  requiring  true  spatial  separation  of  the  beams  and 
large  enclosed  areas  as  well  as  for  atomic  cavities  there  is  urgent  need  for  large 
angle  mirrors  and  beam  splitters.  As  already  mentioned  in  the  introduction  for 
slow  atoms  the  use  of  evanescent  waves  of  experimentally  achievable  intensity 
allows  steep  potentials  capable  to  invert  velocities  of  several  m/s. 

The  principal  setup  for  the  reflection  of  a  two-level  atom  consists  of  an 
evanescent  wave  detuned  to  the  blue  side  of  the  atomic  resonance  travelling  along 
a  glass-vacuum  interface.  The  instantaneous  dipole  force  expels  an  incoming  atom 
from  the  region  of  high  intensity  near  the  surface.  A  large  detuning  ensures 
adiabatic  evolution  of  the  internal  state  of  the  atom  while  the  atom  moves  towards 
the  exponential  potential  well.  Neglecting  the  direct  atom-surface  interaction  the 
height  of  the  potential  well  is  determined  by  the  light  shift  at  the  interface.  To 
ensure  coherence  preserving  reflection  the  probability  for  spontaneous  emission 
has  to  be  minimized.  This  favors  the  use  of  a  light  field  with  large  detuning  but 
high  power  which  achieves  just  the  necessary  barrier  height.  To  follow  this  idea, 
a  lot  of  attempt  was  done  to  develope  surface  layers  to  increase  the  power  in  the 
evanescent  wave.  Enhancement  factors  of  several  hunderts  could  recently  be 
demonstrated  with  wave  guide  layers  (37). 

The  extension  to  a  beam  splitter  is  possible  by  the  use  of  a  standing  evanescent 
wave  where  diffractive  reflection  takes  place.  The  periodic  potential  allows 
multiple  coherent  exchange  of  grating  momenta  nfiQ  where  Q  denotes  the 
wavevector  of  the  standing  wave  along  the  surface.  The  smooth  exponential 
envelope  of  the  evanescent  wave  normal  to  the  surface  leads  to  the  reflecting 
barrier.  For  a  theoretical  description  of  the  diffraction  process  to  each  diffraction 
order  labeled  by  the  net  number  of  exchanged  photon  momenta  one  adiabatic 
potential  is  assigned  (38).  Far  from  the  surface  and  in  the  limit  of  grazing 
incidence  the  potentials  are  separated  by  a  Doppler  energy  ==  FiQv  y  where 
V||  denotes  the  velocity  component  parallel  to  Q.  In  the  vincinity  of  the  surface 
the  potentials  are  shifted  due  to  the  strong  atom-field  coupling.  For  significant 
large  enough  shifts  considerably  higher  than  the  Doppler  energy  avoided 
crossings  of  the  adiabatic  potentials  appear  which  give  rise  to  motion  induced 
non-adiabatic  transitions  between  the  different  potentials  hence  to  diffraction  (38). 

The  total  interaction  time  with  the  potential  may  be  of  the  order  of  the  excited 
state  lifetime. 

The  avoided  crossings  of  the  potential  curves  act  as  beamsplitters  for  the 
wavepackets.  Since  for  reflection  the  splitted  wavepackets  may  meet  again  at  the 
same  crossing  rich  interference  phenomena  occur  in  the  population  of  the 
accessible  diffraction  orders  when  the  initial  kinetic  energy  of  the  atom  is  varied. 
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Reflection  and  Diffraction  of  Atoms  by  an 
Evanescent  Light  Field 

An  experiment  to  explore  the  possibilities  of  an  evanescent  grating  beam 
splitter  is  performed  with  a  laser-prepared  beam  of  metastable  Ne  atoms  (39).  A 
reduced  level  scheme  of  the  Ne  atom  showing  the  relevant  transitions  for  cooling 
and  reflection  is  shown  in  Figure  7.  An  overview  of  the  whole  experimental  setup 
is  given  in  Figure  8.  Metastable  Ne  atoms  in  the  3s[3/2]2  state  from  a  DC- 
discharge  supersonic  expansion  source  are  decelerated  in  a  Zeeman  slower  by 
counterpropagating  laser  light  at  640  nm  to  a  final  velocity  of  70  m/s.  To 
increase  the  phase  space  density  and  to  further  reduce  the  longitudinal  velocity  the 
atoms  pass  a  tilted  two  dimensional  magneto-optical  funnel.  The  funnel  axis  is 
tilted  by  68°  versus  the  original  atomic  beam  axis  and  seperates  also  the 
metastable  atoms  from  ground  state  atoms  in  the  atomic  beam.  The  metastable 
atoms  are  deflected  and  compressed  to  a  beam  of  diameter  d  =  150  fxm  with  a 
mean  longitudinal  velocity  of  Vl  =  25  m/s.  The  spreads  (FWHM)  of  the 
longitudinal  and  the  transverse  velocity  distributions  are  Avl  =  12  m/s  and  Avj 
=  0.75  m/s  respectively. 

The  evanescent  wave  for  reflection  of  the  atoms  is  prepared  by  total  internal 
reflection  of  a  laser  beam  at  594  nm  at  the  base  of  a  quartz  prism.  For  the 
diffraction  experiments  a  standing  evanescent  wave  is  prepared  by  modematched 
retroreflection  of  the  beam  leaving  the  prism.  The  position  of  the  prism  and  the 
angle  between  the  prism  base  and  the  atomic  beam  can  be  adjusted  independently. 

After  interaction  with  the  evanescent  wave  the  metastable  atoms  are  detected 
by  a  two-stage  MCP  with  an  attached  phosphoric  screen.  With  a  CCD  camera 
monitoring  the  screen  two  dimensional  profiles  of  the  beam  are  recorded. 

The  upper  state  of  the  transition  nearly  resonant  with  the  594  nm  radiation 
decays  spontaneously  to  the  ground  state  of  the  Ne  atom.  In  this  way  an 
unwanted  background  signal  due  to  atoms  which  undergo  spontaneous  emission 
during  the  interaction  with  the  evanescent  wave  is  avoided. 

We  observed  reflection  of  the  atoms  for  detuning  values  between  6  =  0.5  GHz 
and  5  =  2  GHz  with  an  optimum  value  of  5  =  0.9  GHz  at  a  laser  power  of  120 
mW  and  the  laser  radiation  polarized  parallel  to  the  plane  of  incidence.  In  Figure 
9  vertical  cuts  of  the  beam  profile  at  the  detector  for  different  reflection  angles 
between  30  mrad  and  74  mrad  at  optimized  detuning  and  polarization  are  shown. 
The  large  peaks  at  10  mrad  stem  from  atoms  missing  the  prism.  For  increasing 
reflection  angle  their  number  is  reduced  because  they  hit  the  downstream  edge  of 
the  prism.  The  decrease  of  the  peak  height  for  the  reflected  atoms  with  increasing 
angle  is  caused  by  the  decrease  of  the  effective  mirror  size  i.e.  the  area  where  the 
light  shift  potential  is  sufficiently  high  to  invert  the  perpendicular  motion.  The 
maximum  observed  reflection  angle  of  74  mrad  corresponds  to  a  velocity  vertical 
to  the  prism  base  of  Vj^  =  1.9  m/s. 
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Rgure  7:  Level  scheme  of  the  Ne  atom  (only  energy  levels  relevant  to  the  experiment 
are  shown) 


Rgure  8:  Sketch  of  the  experimental  setup  for  reflection  and  diffraction  of  cooled 
metastable  Ne  atoms  from  evanescent  waves. 
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Figure  9;  Experimental  results  for 
atomic  reflection.  The  upper  graph 
shows  part  of  a  2-D  profile  of  the 
beam.  Below  vertical  cuts  of  the 
profiles  for  different  incident  angles  are 
shown. 
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Figure  10:  Experimental  result  for 
diffraction  of  the  beam  by  two 
counterpropagating  evanescent 
waves.  The  marked  peaks  in  the 
vertical  cut  originate  from 
uninfluenced  (A),  reflected  (B)  and 
diffracted  (C)  atoms. 


Diffraction  of  the  atoms  was  observed  for  the  grating  configuration  of  the  light 
field.  The  intensity  ratio  of  the  two  running  waves  was  used  as  an  additional 
experimental  parameter.  Optimum  diffraction  was  observed  for  a  detuning  8  = 
900  MHz,  an  incident  laser  power  of  150  mW  and  an  intensity  ratio  between 
incoming  and  retroreflected  beam  of  1.64.  Figure  10  shows  the  two  dimensional 
profile  together  with  a  vertical  cut  for  an  incident  angle  of  a  =  36  mrad. The 
peaks  marked  in  the  vertical  cut  correspond  to  atoms  missing  the  prism  (A),  the 
specular  reflected  atoms  at  36  mrad  (B)  and  to  atoms  diffracted  to  the  n  =  -2 
diffraction  order  at  84  mrad  (C).  Normalized  to  the  flux  hitting  the  effective 
mirror  surface  70  %  of  the  atoms  show  up  in  the  specularly  reflected  peak  while 
1.5-3  %  of  the  atoms  are  detected  in  the  n  =  -2  diffraction  order.  Figure  11 
shows  the  observed  diffraction  angles  versus  different  incident  angles.  The 
comparison  with  the  theoretical  values  for  a  beam  velocity  of  25  m/s  shows 
excellent  agreement.  The  population  of  higher  diffraction  orders  was  not 
detectable  because  of  the  too  low  laser  power  for  the  evanescent  field. 


J.  H.  Muller  et  al.  255 


Figure  1 1 :  Measured  angular  position  of  the  n  =  0  and  the  n  =  -2  diffraction  orders  for 
different  Incident  angles  of  the  beam.  The  solid  lines  mark  the  theoretical  positions  of 
the  diffraction  peaks  calculated  for  a  beam  velocity  of  25  m/s. 


OUTLOOK 

As  described  in  this  article,  up  to  now  several  schemes  of  atom  deflection, 
reflection  and  interferometry  were  demonstrated  in  the  last  few  years,  together 
with  first  important  applications. 

The  technical  standardisation  and  simplification  of  atom  manipulation  setups 
(MOT'S,  funnels,  fountains,  ...)  together  with  more  sophisticated  coherent  optic 
arrangements  will  strongly  improve  further  experiments. 

The  combination  of  elements  for  manipulating  and  cooling  with  mirrors  and 
beam  splitters  will  improve  the  sensitivity  of  Mach-Zehnder  type  interferometers 
by  several  orders  of  magnitude. 

Like  in  light  optics,  several  different  matter  wave  devices,  not  yet 
demonstrated  (Michelson  interferometers,  multiple  beam  interferences,  phase 
contrast  interferencies,  . . .)  optimized  for  special  applications  may  lead  to  standard 
setups,  like  the  electron  micro  scop  being  in  electron  optics. 
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The  potential  for  precise  measurements  of  gravitational  effects,  the 
gravitational  constant  G,  the  mass  of  atoms,  and  of  symmetry  and  conservation 
laws  in  physics  is  given  and  was  partially  yet  demonstrated. 

Studies  of  the  fermionic  and  bosonic  statistical  properties  of  atoms  will 
reconnect  the  field  of  atom  physics  with  that  of  statistical  physics  and 
thermodynamics  and  will  help  to  classify  yet  open  questions  in  quantum 
statistics  of  weakly  interacting  particles. 

The  fields  of  cold  collisions  and  the  scattering  of  atoms  from  surfaces  strongly 
gain  in  their  information  capabilities  and  precision  by  the  ability  to  read  out  the 
amplitude  and  phase  shifts  in  interferometric  measurements. 

The  multiple  particle  interference  ("beating  of  atoms")  and  Hanbury-Brown- 
Twiss  like  experiments  for  atoms  will  be  further  important  steps  in  quantum 
physics. 
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Abstract.  Conditions  for  trapping  sodium  atoms  in  far  detuned  dipole  traps  are 
explored  with  the  goal  of  maximizing  phase  space  density  and  coherence  times.  With 
red  detuned  traps,  we  have  been  able  to  achieve  densities  as  high  as  2X  10’^  atoms/cm^ 
at  temperatures  on  the  order  of  {WhVfUM.  We  also  report  Raman  cooling  in  a  red 
de-tuned  trap  to  a  one  dimensional  "temperature"  of  0.7(^k)“/2M,  With  a  blue  de¬ 
tuned  trap,  we  have  been  able  to  observe  Ramsey  interference  fringes  between  the 
ground  states  of  sodium  for  over  4  seconds.  Finally,  we  report  an  atom  interferometer 
based  on  adiabatic  transfer  of  ground  state  populations. 


Laser  cooling  and  trapping  techniques*  have  enabled  one  to  dramatically 
increase  the  phase  space  density  of  a  vapor  of  atoms.  Beginning  with  atomic 
beams  at  a  temperature  of  hundreds  of  Kelvin  and  a  densities  on  the  order  of  10*** 
atoms/cm^  or  less,  one  can  routinely  cool  alkali  atoms  to  temperatures  on  the 
order  of  4(/zk)V2M  (microKelvin  temperatures)  at  densities  in  excess  of  10** 
atoms/cm^  with  magneto-optic  traps  (MOT).^  Despite  attempts  to  increase  the 
density  of  atoms  in  a  MOT,  no  one  has  been  able  to  achieve  atomic  densities  in 
excess  of  10*^  atoms/cm^  One  of  the  effects  that  limit  the  density  is  the  repulsive 
force  generated  by  radiatively  trapped  photons.^ 

Recently,  we  have  begun  to  study  methods  of  increasing  the  density  while 
reducing  the  temperature  of  atoms  in  optical  traps.  Concurrently,  we  have  also 
begun  to  explore  methods  of  increasing  the  coherence  times  of  atoms  in  traps. 

We  have  concentrated  on  studying  optical  traps  based  on  induced  dipole 
forces'*,  especially  dipole  traps  tuned  far  off  resonance^  In  these  traps,  the 
probability  of  scattering  a  photon  is  greatly  reduced  so  that  the  trap  approaches 
a  conservative  potential,  and  the  ground  state  hyperfine  and  Zeeman  levels  of  the 
atom  experience  nearly  equal  light  shifts.  This  second  virtue  has  permitted  us  to 
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apply  Raman  cooling  to  trapped  atoms  and  establish  long  ground  state  coherence 
times.  Finally,  optical  traps  allows  one  certain  flexibility  not  allowed  with 
magnetic  traps. 

In  this  paper  we  report  the  results  of  sodium  atoms  held  in  red  de-tuned 
dipole  traps  fashioned  out  of  light  from  the  red  lines  of  a  krypton  laser  (647  and 
676  nm),  the  1.06  jicm  line  of  a  Nd:YAG  laser  and  in  blue  de-tuned  traps  made 
with  the  blue  (488  nm)  and  green  (514  nm)  lines  of  an  argon  laser. 


LOADING  DIPOLE  TRAPS 

Both  the  red  and  blue  detuned  traps  were  loaded  from  a  MOT  by 
overlapping  the  Mot  trap  with  the  dipole  traps.  The  MOT,  in  turn  was  loaded 
from  a  beam  of  thermal  Na  atoms  that  was  slowed  by  a  counterpropagating, 
frequency  chirped  laser  beam.  A  detailed  description  of  our  apparatus  can  be 
found  elsewhere.^  After  a  loading  time  that  was  varied  between  0.5  to  2.5 
seconds,  the  magnetic  field,  atomic  beam,  slowing  beam  and  MOT  beams  were 
shut  off,  leaving  only  the  dipole  trap  beams  present.  During  the  last  10-30  msec 
of  the  MOT  loading,  the  intensity  of  the  3S,/2,F  =  1  ^  3P3/2,F=2  repumping 
sideband  of  the  MOT  beams  was  reduced  to  approximately  one  fifth  of  the  initial 
value,  increasing  the  number  of  atoms  loaded  into  the  trap  by  an  order  of 
magnitude.  The  reduced  sideband  intensity  optically  pumped  atoms  into  the  F  =  1 
state,  which,  in  turn  reduced  the  trap  loss  due  to  ground  state  hyperfine  changing 
collisions.'^  If  an  F=2  atom  collides  with  an  F  =  1  atom  and  relaxes  to  the  F  =  1 
state,  the  added  kinetic  energy  of  27r^  X  1.77  GHz  is  sufficient  to  eject  both 
atoms  out  of  the  trap.  Finally,  the  atoms  were  optically  pumped  into  the 
3Sj/2,F  =  1  state  by  shutting  off  the  repumping  sideband  in  the  last  0.5  msec.  This 
method  of  loading  the  trap  is  a  version  of  the  temporal  "dark  MOT"  scheme  of 
Ketterle,  et  al.® 


DIPOLE  TRAPPING  WITH  A  KRYPTON  LASER 

Our  first  red  detuned  dipole  trap  was  made  with  the  red  lines  from  a 
Krypton  laser.  A  single  beam  of  2  watts  was  focused  to  waist  sizes  between  Wq 
of  5  ^m  to  36  fim.  We  were  able  to  trap  over  10^  atoms.  The  lifetimes  of  the 
atoms  in  the  5  ixm  trap  is  plotted  in  Fig.  1.  After  a  rapid  decay  in  the  first 
second  of  trapping,  the  lifetime  was  governed  by  the  background  pressure  in  the 
vacuum  can. 

In  general,  the  5  fjim  trap  did  not  perform  well.  Atoms  only  loaded  at  the 
edges  and  not  the  center  of  the  trap,  presumably  due  to  the  large  light  shifts  of 
the  ground  and  excited  state  energy  levels.  Furthermore,  the  large  ac  Stark  shifts 
prevented  optical  pumping  needed  for  Raman  cooling.  As  one  went  to  more 
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weakly  focused  traps,  the  temperature  of  the  trapped  atoms  decreased,  the  total 
number  of  trapped  atoms  increased,  and  the  storage  time  increased.  In  the 
weakest  focused  traps  the  atoms  were  extended  in  space  over  several  millimeters 
along  the  axial  dimension. 


Fig.  1.  Lifetime  of  atoms  in  a  5  //m  krypton  laser  dipole  trap  as  a  function  of 
background  pressure  of  the  vacuum  chamber.  The  triangles,  filled  squares,  open 
squares,  filled  circles  and  open  circles  correspond  to  background  pressures  of  11,  7, 
5,  2.9,  and  1  x  10  ’°  torr  lifetimes,  respectively. 


Our  attempts  to  Raman  cool^  in  traps  with  Wo=12  ^m  only  yielded  a 
modest  build-up  of  the  phase  space  density.  Apart  from  gravitational  acceleration 
out  of  the  v-0  states,  Raman  cooling  works  best  under  free  space  conditions. 
The  more  tightly  focused  dipole  traps  have  too  high  an  axial  oscillation  frequency 
for  the  Raman  cooling  scheme  to  work  well.  With  a  dipole  trap  of  Wo=36/xm, 
the  calculated  axial  oscillation  frequency  of  the  atoms  was  on  the  order  of  10  Hz 
while  the  transverse  frequency  is  roughly  2.3  KHz.  Fig.  2  show  the  results  of 
cooling  for  5  milliseconds.  The  axial  temperature  was  reduced  from  30  to 
0.8  fiK.  After  cooling  the  atoms  settled  into  the  bottom  of  the  trap,  and  the  axial 
confinement  of  the  atoms  decreased  from  several  mm  to  less  than  0.2  mm.  Very 
roughly,  the  density  of  the  atoms  in  the  trap  increased  to  5  x  10^°  atoms/cm^  after 
cooling.  Based  on  the  estimated  collision  rate  for  hyperfine  changing  collisions^ , 
we  would  expect  a  collision  limited  trap  lifetime  of  1  second  at  a  density  of  10" 
atoms/cm^ 
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Cooling  along  the  transverse  dimensions  was  not  as  rewarding,  but  the  3 
dimensional  cooling  results  were  more  promising  for  the  36um  trap.  Before  we 
were  able  to  optimize  simultaneous  axial  and  transverse  cooling  in  the  36  /xm 
focused  trap,  the  Krypton  laser  tube  failed.  In  our  preliminary  results  with  the 
12  fxm  trap,  the  axial  and  transverse  velocities  were  reduced  to  rms  velocities  of 
1.5  and  2.5  photon  recoils  respectively,  but  these  results  were  obtained  before  we 
achieved  0.8  photon  recoil  cooling  along  the  axial  dimension  for  the  36  /xm  trap. 
Since  we  could  not  afford  the  high  operating  costs  of  a  krypton  laser,  we  decided 
to  trap  sodium  atoms  with  a  Nd:YAG  laser  operating  at  1.06  /xm. 


Velocity  (units  of  fik/m) 

Fig.  2.  Raman  cooling  in  a  re-detuned  single  beam  dipole  trap.  Two  watts  of  the  red 
lines  of  a  krypton  laser  were  focused  to  36  ;/m.  After  a  cooling  time  of  50  ms,  the 
atoms  were  cooled  along  the  axial  dimension  from  an  initial  temperature  of  30  pK  to 
0.8 //K. 


CROSSED  DIPOLE  TRAPS  WITH  A  YAG  LASER 

In  order  to  equalize  the  axial  and  transverse  trap  oscillation  frequencies, 
we  constructed  a  dipole  trap  from  a  pair  of  laser  beams  focused  to  Wo=18/im. 
The  two  beams  crossed  at  right  angles  and  were  orthogonally  polarized  to  avoid 
standing  wave  effects.  For  parallel  polarizations,  the  number  of  trapped  atoms 
decreased  by  a  factor  of  two  while  the  temperature  remained  the  same.  Up  to  4 
watts  per  beam,  adjusted  with  an  AO  modulator,  could  be  delivered  in  each  laser 
beam. 
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The  trapping  conditions  were  adjusted  in  order  to  maximize  the 
fluorescence  from  atoms  captured  in  the  trap,  measured  by  turning  off  the 
trapping  light  and  switching  on  the  MOT  beams  for  a  short  period  of  time.  The 
fluorescence  was  also  monitored  with  a  microscope  imaging  system  based  on  a 
f  2.5  "objective"  lens  with  a  resolution  (installed  inside  the  vacuum  can)  of  less 
than  5  ^m.  This  upper  limit  was  established  by  imaging  a  tightly  focused  (8  ^m 
diameter  beam)  dipole  trap  onto  a  CCD  camera.  The  imaging  system  had  a 
magnification  of  4.5x  and  looked  down  onto  the  crossed  trap  with  horizontally 
propagating  beams.  The  measured  resolution  of  the  optical  system  sitting  on  a 
laser  table  was  2/zm.  The  spatial  dimensions  of  the  trapped  atoms  could  be 
imaged  by  pulsing  on  the  MOT  light  for  times  between  5  and  50  {xsoc 
immediately  after  the  trapping  light  was  turned  off.  (During  the  detection  time, 
the  atom  cloud  expanded.)  The  objective  lens  was  mounted  on  a  uhv  micro¬ 
manipulator  and  susceptible  to  mechanical  vibrations  that  degraded  the  image  by 
-3  microns.  To  avoid  the  effect  of  lens  vibrations,  the  most  critical  size 
measurements  of  the  trapped  atom  cloud  were  taken  by  averaging  the  widths  of 
several  single  shot  measurements. 
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The  atom  density  in  the  trap  was  measured  with  a  1  nanowatt  probe  beam 
focused  to  a  waist  of  7  /xm.  The  duration  of  the  probe  beam  was  typically  2  fis 
in  order  to  avoid  effects  of  ballistic  expansion  of  the  atoms  after  the  trapping  light 
was  turned  off.  Fig.  3  shows  the  transmitted  light  as  a  function  of  probe  light 
detuning.  The  equal  absorption  of  the  F = 1  and  F =2  transitions  indicates  that  the 
probe  light  intensity  was  low  enough  to  avoid  saturation  and  optical  pumping 
effects.  From  a  peak  absorption  of  75%  and  the  measurement  of  the  spatial 
extent  of  the  trapped  atoms,  the  peak  density  was  calculated  to  be  2x10^^ 
atoms/cm^ 
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The  lifetime  of  the  atoms  in  the  trap  fit  well  to  a  single  exponential  decay 
and  was  independent  of  the  number  of  atoms  loaded  into  the  trap.  The  loss  rate 
does,  however,  depend  on  the  intensity  of  the  trapping  light.  For  a  8  watt  trap, 
the  number  of  atoms  decayed  with  a  single  exponential  lifetime  of  0.8  second, 
while  the  decay  rates  for  a  4  and  2  watt  trap  were  1.5  and  2.7  seconds.  The 
mechanism  for  this  decay  has  yet  to  be  determined:  however,  since  this  loss  was 
independent  of  the  trap  density,  it  could  not  be  due  to  the  interaction  between  two 
trapped  atoms  and  a  photon. 

The  temperature  of  atoms  trapped  in  the  crossed  region  was  measured  by 
a  time  of  flight  technique.  The  detection  pulse  was  delayed  by  a  few  hundred 
microseconds  after  the  trap  light  was  turned  off.  In  this  time,  the  size  of  atom 
cloud  expanded  by  roughly  an  order  of  magnitude.  For  our  deepest  trap  (480 
deep  with  8  watts),  atoms  were  localized  to  14  jum  (FWHM)  and  had  an  initial 
temperature  of  140^K.  If  one  assumes  equipartition  in  a  harmonic  oscillator 
potential  well,  the  expected  trap  size  would  be  9)Lcm.  For  the  8  watt  trap,  the 
temperature  of  the  atoms  was  seen  to  increase  at  a  rate  equivalent  to  scattering 
one  1.06  /xm  photon  every  800  ms  and  consistent  with  the  expected  photon 
scattering  rate.  Fig.  4a,b  shows  the  temperature  and  density  of  the  atoms  as 
function  of  the  time  spent  in  the  trap. 

For  shallower  traps  made  with  2  and  4  watt  beams,  no  heating  was 
observed  for  observation  times  up  to  several  seconds  as  shown  in  Fig.  4a.  In 
fact,  after  the  first  second  of  trapping,  the  density  increased  while  the  temperature 
decreased,  indicating  evaporative  cooling. The  phase  space  density  increased 
by  a  factor  of  2  before  loss  due  to  collisions  with  residual  background  atoms  (the 
pressure  was  6xl0‘^°  torr)  began  to  decrease  the  number  of  trapped  atoms. 
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Fig.  4.  (a)  Temperature  of  the  atoms  as  a  function  of  the  time  spent  in  the  trap.  The 
trap  heated  atoms  at  the  highest  trap  intensities,  but  for  lower  intensities,  the  atoms 
cooled  for  the  first  second  after  trapping,  (b)  Density  of  the  atoms  in  the  central 
region  of  the  trap  as  a  function  of  trapping  time  for  a  2,  4,  and  8  W  trap. 
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Effective  evaporative  cooling  requires  that  the  depth  of  the  trapping  potential  and 
the  volume  of  the  trap  be  independently  varied  in  order  to  maintain  the  high 
density  of  atoms  in  the  trap.  At  present,  we  can  only  evaporatively  cool  by 
turning  down  the  light  intensity,  and  after  an  initial  stage  of  evaporation,  the 
decrease  in  the  atom  density  would  reduce  the  evaporation  rate  considerably. 

We  intend  to  explore  a  dipole  trap  based  on  sharply  rising,  repulsive  walls 
of  light.  A  blue  trap  could  be  made  where  the  volume  could  be  easily  changed 
by  more  than  an  order  of  magnitude  on  the  order  of  0.1  second.  It  would  also 
be  much  more  suitable  for  both  Raman  cooling  and  precision  spectroscopy  since 
atoms  confined  in  such  a  trap  would  spend  most  of  their  time  under  free  fall 
conditions. 


BLUE  DE-TUNED  DIPOLE  TRAPS 


We  report  in  this  section  the  study  of  a  gavito-optic  (atomic  trampoline) 
trap  formed  by  constructing  a  curved,  repulsive  barrier  of  blue-detuned  light  and 
gravity.  This  work  is  also  the  precursor  to  a  blue  trap  with  walls  suitable  for 
evaporative  cooling.  A  gravito-optic  trap  was  proposed  when  laser  cooled  atoms 
were  shown  to  reflect  at  normal  incidence  from  an  evanescent  wave  of  light", 
and  a  number  of  groups  have  actively  studied  this  type  of  trap"’".  In  these 
traps,  atoms  spend  most  of  the  time  in  zero  potential  (except  gravity),  and  for 
very  short  intervals  are  reflected  from  a  very  sharp  wall  of  light  with 
characteristic  size  X/27r.  The  resulting  phase  shifts  can  be  10^-10'^  times  smaller 
than  for  a  comparably  deep  red-detuned  trap  where  the  atoms  spend  most  of  their 
time  in  regions  which  produce  the  maximal  light  shift.  Another  important 
property  of  the  evanescent  wave  potential  is  that  the  integrated  light  shift  along 
the  trajectory  is  only  weakly  dependent  on  the  energy  of  the  atom,  so  one  can 
expect  even  longer  coherence  times. 

In  spite  of  these  properties,  previously  demonstrated  atomic  trampolines 
could  not  be  used  for  precision  spectroscopic  measurements  since  the  longest  1/e 
storage  times  were  on  the  order  of  100  msec.  The  short  lifetime  and  scattering 
time  are  mainly  due  to  the  difficulties  that  arise  from  the  requirement  of  a  glass 
surface:  since  the  atoms  have  to  be  dropped  from  a  height  of  a  few  mm,  a 
stronger  dipole  potential  is  needed  to  support  them  against  the  kinetic  energy  they 
gain  as  they  fall  onto  the  surface.  The  light  intensity  needed  to  create  the 
necessary  dipole  force  and  simultaneously  avoid  a  high  photon  scattering  rate  has 
prompted  a  number  of  groups  to  study  ways  of  enhancing  the  light  intensity  by 
interferometric  techniques  with  dielectric  coatings*"*  or  by  using  surface  plasmon 
resonances*^ 

We  avoided  these  difficulties  by  constructing  a  blue-detuned  light  trap 
based  on  free-propagating  laser  beams.  This  trap  was  placed  at  the  center  of  the 
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source  of  cold  atoms  and  loaded  with  energies  of  a  few  Urec  ==  (^k)V2M  from  a 
MOT  by  overlapping  the  two  traps  in  space  and  time  as  described  in  the  "trap 
loading"  section.  Our  trap  was  based  on  two  linearly  polarized  cylindrical 
Gaussian  beams  (15  jum  x  1100  ixm,  1/e^  diameters),  co-propagating  horizontally 
and  oriented  at  +45°  and  -45°.  The  two  beams  were  overlapped  approximately 
at  their  1/e  intensity,  resulting  in  a  "V"  shape  that  confined  the  atoms  transversely 
to  the  beams  propagation  direction.  Along  the  beam  propagation  direction, 
confinement  was  obtained  due  to  curvature  of  the  beams  near  their  focus.  The 
approximately  harmonic  dipole  potential  along  the  longitudinal  direction  extends 
to  about  the  Raleigh  range  ( —  700  i^m)  of  the  focused  beams  and  has  depth  of 
roughly  15%  of  the  transverse  directions. 

We  used  the  488  nm  and  514.5  nm  lines  of  an  argon  laser  for  the  two 
cylindrical  beams  in  order  to  avoid  any  intensity  or  polarization  gratings.  The 
average  rate  for  spontaneously  scattering  photons  at  such  detunings  was  calculated 
to  be  lO'^-lO'^  sec  ^  With  15  W  (all  lines)  from  an  argon  laser,  the  power  of  488 
nm  and  514.5  nm  lines  was  4  and  6  W,  respectively,  corresponding  to  a  maximal 
dipole  wall  potential  of  190Urec  and  90Urec. 

The  blue  trap  loading  followed  the  procedure  developed  for  red  trap 
loading  as  described  in  the  previous  section.  The  lifetime  of  the  traps  displayed 
fast  and  slow  decay  times  similar  to  the  decays  with  the  Kr"^  laser  trap  shown  in 
Fig.  1.  The  long  time  decay  is  consistent  with  losses  due  to  collisions  with  the 
background  gas.  There  is  an  additional  loss  rate  on  the  order  of  1  second  that 
may  be  attributable  to  either  to  density  dependent  loss  mechanisms,  evaporation, 
or  to  initial  population  of  unstable  orbits  that  either  "spill  over  the  edge"  or  tunnel 
out  of  the  trap.  A  very  high  sensitivity  of  the  faster  loss  rate  to  the  relative 
alignment  between  the  two  cylindrical  beams  supports  either  of  the  latter 
explanations. 

We  measured  the  lifetime  of  the  ground  state  coherence  by  performing  rf 
Ramsey  spectroscopy  on  the  F  =  l,  mf=0  and  F=2,  mf=0  ground  state  levels. 
The  transition  was  excited  with  —1.77  GHz  rf  traveling  wave  beamed  into  the 
vacuum  chamber.  A  bias  magnetic  field  of  -  5  mG  was  applied  to  separate  the 
magnetic-field  sensitive  transitions  from  the  mF=0  mF=0  transition.'  The 
number  of  atoms  making  the  transition  to  the  F=2  state  was  determined  by 
measuring  the  fluorescence  from  a  short  pulse  of  light  resonant  with  the  3Si/2, 
F=2  3+3/2,  F=3  transition.  The  resulting  central  Ramsey  fringes  for  T=4  sec 

are  shown  in  Fig.  5.  The  fringe  contrast  for  this  measurement  time  was  43%. 
The  fringe  contrast  after  T=0.2,  1  and  2  sec  was  98%,  90%  and  82%, 
respectively. 


'  Note  that  atoms  with  an  energy  of  1  =  25  KHz  while  the  Zeeman  sublevels  were 

separated  by  7  KHz.  At  higher  densities  where  collisional  de-phasing  might  be  a  problem,  spin 
exchange  collisions  could  be  prevented  by  increasing  the  Zeeman  splitting  •  B  to  greater  than  kgT 
of  the  atom  cloud. 
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Fig,  5.  The  central  Ramsey  fringes  of  the  F-1,mf  =  0  to  F  =  2,m,  =  0  transition.  The 
FWHM  linewidth  is  0.125  Hz  corresponding  to  a  fitted  measurement  time  of 
3.98  ±0.04  sec  while  the  actual  measurement  time  was  4.00  seconds.  A  constant 
background,  present  without  rf  pulses  was  subtracted  from  the  data.  The  circles  are 
the  data  and  the  line  is  a  fit  to  a  +  b  *  cos(2/TfT  +  0). 


We  feel  that  the  rf  dephasing  is  due  mainly  to  non-uniformities  in  the  light 
shifts  of  the  dipole  potential.  To  investigate  this  effect  we  measured  the 
frequency  of  the  central  Ramsey  fringe  at  T  =  1  sec  as  a  function  of  the  trapping 
laser  power  P  (the  488  and  514.5  nm  lines  are  -25%  and  -40%,  respectively, 
of  that  power).  The  measured  frequency  shift  was  proportional  to  the  trapping 
power,  with  a  slope  of  -  18  mHz/W.  Since  most  of  the  trap  parameters  such  as 
density,  bounce  frequencies,  and  velocities  of  the  atoms  depend  on  the  trapping 
laser  intensity,  a  simple  proportionality  is  not  necessarily  expected.  The  slope 
corresponds  to  270  mHz  frequency  shift  at  P=15  W. 

We  calculated  the  light  shifts  and  coherence  time  for  the  atoms  in  our  trap 
using  Monte  Carlo  simulations  based  on  classical  trajectories.  The  distribution 
of  average  light  shifts  over  the  atoms  that  remained  in  the  trap  after  1  sec  is 
shown  in  Fig.  6.  The  hyperfme  light  shift  distribution  (upper  scale)  is  obtained 
by  dividing  the  frequency  scale  by  4.5*10^.  It  yields  a  coherence 

decay  time  of  T,=9  sec,  and  5f=70  mHz  frequency  shift  of  the  Ramsey 
fringes^*^. 

The  current  trap  has  "soft"  walls  along  the  beam  propagation  direction. 
This  asymmetric  geometry  allows  atoms  to  sample  wildly  different  trajectories. 
A  more  symmetric  trap  should  give  a  narrower  distribution  of  phase  shifts.  Such 
a  trap  might  consist  of  "hard"  walls  made  with  three  intersecting  sheets  of  light, 
propagating  at  45°  to  gravity  and  oriented  at  90°  with  respect  to  each  other  create 
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an  inverted  pyramid.  The  calculated  light  shift  distribution  gives  a  factor  of  4 
increase  in  the  coherence  decay  time  relative  to  the  two-beam  trap  while  the 
average  Stark  shift  decreases  by  only  ~  35  % .  In  this  trap,  each  atom  experiences 
different  collisions  with  the  walls,  but  the  effect  of  many  collisions  is  to  induce 
an  average  phase  shift  that  is  approximately  the  same  for  all  atoms. 
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Fig.  6.  Light  shift  distributions  among  atoms  stored  in  the  gravito-optic  trap  calculated 
with  a  classical  Monte  Carlo  simulation.  Curve  (a)  is  the  simulation  of  the  trap  used 
in  the  experiment  and  (b)  is  the  proposed  symmetric  3  beam  trap. 


Similar  averaging  is  seen  with  atoms  confined  at  higher  temperatures  by 
conventional  bottles.  For  example,  hydrogen  atoms  trapped  in  a  teflon  coated 
glass  bulb  of  a  hydrogen  maser*^  and  atoms  confined  in  a  cell  with  buffer 
gases^*  can  undergo  a  large  number  of  collisions  before  the  relevant  atomic 
coherence  is  destroyed.  Note,  that  such  averaging  also  plays  an  essential  role  in 
suppressing  the  first  order  Doppler  shift  that  would  otherwise  wash  out  the  fringes 
completely.  One  can  say  that  optical  atom  traps  are  evolving  towards  "light 
bottles". 

We  also  performed  rf  spectroscopy  of  Na  atoms  in  a  far  off  resonance, 
red-detuned  dipole  trap  made  by  focusing  a  10  watt  Nd:  YAG  laser  beam  (X= 1.06 
fxm)  to  a  ISfim  1/e^  diameter  spot.  The  depth  of  the  dipole  potential  (—  150Ur«.) 
was  comparable  to  that  of  our  blue-detuned  trap,  and  the  detuning  from  the  Na 
D  lines  (2.26*10^'’  Hz)  was  —2.5  times  larger.  The  measured  coherence  times 
was  T,»  15  msec,  a  factor  of  -300  smaller  then  for  the  blue-detuned  trap. 
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ATOM  INTERFEROMETRY  BASED  ON  ADIABATIC  TRANSFER 

Longer  coherence  times  will  piny  n  crucial  role  in  increasing  the  sensitivity 
of  atom  interferometers.  Several  groups  have  recently  shown  that  laser  light  can 
coherently  split  and  recombine  atoms,  with  the  most  precise  interferometers 
using  laser  cooled  atoms.  Atom  interferometers  have  been  used  to  measure  the 
acceleration  due  to  gravity^®  with  a  sensitivity  of  3  parts  in  10^  and  ^/matom  to 
a  resolution  of  one  part  in 

In  addition  to  increasing  the  coherence  time  of  the  interferometers,  the 
precision  can  also  be  improved  if  better  methods  of  coherently  changing  the 
momentum  of  the  atom  are  developed.  Our  previous  experiments  used  beam 
splitters  and  mirrors  based  on  de-tuned  stimulated  Raman  transitions  and  achieved 
a  transfer  efficiency  of  85%  per  2^k  of  momenta  exchanged. 

In  this  section,  we  report  our  work  on  population  transfer  based  on 
adiabatic  passage.  As  with  many  laser  coherence  techniques,  adiabatic  passage 
was  first  introduced  in  nuclear  magnetic  studies^^  before  being  carried  over  into 
the  optical  domain.^^  Population  transfer  by  adiabatic  passage  using  delayed 
laser  pulses  was  first  conceived  and  observed  by  Gaubatz,  et  in  molecular 
systems.  Marte,  et  then  proposed  the  use  of  this  method  for  atomic  beam 
splitters,  and  coherent  transfer  of  6  hk  momentum  using  adiabatic  following  has 
recently  been  demonstrated  by  Lawall  and  Prentiss, and  8/ik  was  achieved  in 
the  work  of  Goldner,  et  al}'^ 

Adiabatic  transfer  has  some  experimental  advantages.  It  is  experimentally 
robust  since  it  is  not  sensitive  to  changes  in  parameters  such  as  laser  power  or  the 
time  the  light  is  on.  Also,  we  have  shown  that  adiabatic  transfer  in  a  pure  three 
level  system  performed  with  light  on  resonance  does  not  introduce  any  ac  Stark 
shift  even  when  the  transfer  is  not  100%  adiabatic.  This  fact  may  also  have 
applications  in  optical  frequency  standards  since  one  of  the  major  drawbacks  of 
using  a  two-photon  clock  transition  is  the  induced  ac  Stark  shift. 

We  presented  the  formal  proof  in  a  previously  submitted  paper, but  the 
absence  of  a  Stark  shift  also  has  an  intuitive  explanation.  The  two  light-coupled 
eigenstates  of  the  three  level  system  have  equal  and  opposite  energy  level  shifts 
at  zero  detuning.  If  the  non-adiabatic  transfer  from  the  uncoupled  state  populates 
the  two  coupled  states  with  an  equal  weight,  there  will  be  no  net  light  shift. 

Our  experiment  differs  from  the  previous  work  in  several  ways.  We  used 
a  magnetic  field  insensitive  transition,  which  is  essential  for  precision 
interferometry.  For  example,  in  our  previous  experiment  the  positions 

of  the  interferometer  fringes  were  measured  to  a  precision  of  less  than  50  mHz 
while  the  magnetic  precession  of  a  mF  =  ±F  state  is  1.4  MHz/Gauss.  Our 
adiabatic  transfer  was  between  the  two  cesium  hyperfme  ground  states  6S1/2, 
F=3,  mF=0  and  6S1/2,  F=4,  mF=0  via  the  excited  state  6Pi/2,F’=3  or  4,  niF  =  l. 
We  used  two  counterpropagating  laser  beams  in  a  o^-a^  polarization 
configuration,  and  since  both  beams  have  the  same  helicity,  atoms  that  are  not 
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transferred  adiabatically  will  be  predominantly  optically  pumped  into  the 
F=4,mF=+4  and  F=3,mF=+3  states.  Thus,  the  fraction  of  atoms  that  are 
coherently  transferred  can  be  measured  and  the  loss  of  interferometer  contrast 
though  non-adiabatic  transfers  is  decreased.  Off-resonant  excitation  limited  the 
observed  efficiency  to  -80%  per  exchanged  photon  pair  in  the  work  of  Goldner, 
et  al,  using  the  Dj  line  if  cesium. We  used  the  6P1/2  state,  which  has  a  5.8 
times  larger  excited  state  hyperfine  splitting  (1.17  GHz)  than  the  6P3/2  state,  so 
that  the  off-resonant  excitation  to  a  fourth  level  is  significantly  reduced. Also, 
by  shaping  the  excitation  pulses,  we  were  able  to  improve  the  transfer  efficiency. 
The  transfer  of  many  photon  kicks  was  achieved  by  reversing  the  direction  of  the 
two  laser  beams  between  successive  transfers.  By  incorporating  all  of  the  above 
changes,  we  have  achieved  coherent  transfer  with  an  efficiency  as  high  as  95% 
per  exchanged  photon  pair,  and  up  to  140  photon  momenta  were  coherently 
added. 


(a) 


Fig.  7.  (a)  Level  scheme  and  (b)  pulse  sequence  for  complete  population  transfer  for 
adiabatic  following  based  on  delayed  laser  pulses.  The  condition  for  adiabatic  following 

is  n^«r>  >  1 . 


Fig.  7a  shows  the  level  scheme  for  adiabatic  transfer.  Optical  beams  of 
frequencies  oii  and  CO2  connect  two  ground  states  1 1  >  and  1 3  >  via  an  excited 
state  ]  2  > .  With  zero  detuning  and  Rabi  frequencies  Qi  at  oji  and  Q2  ^1  ^2,  there 
is  a  new  eigenstate  of  the  atom  plus  photon  field  (a  coherent  superposition  of  two 
ground  states)  in  which  the  amplitudes  for  absorption  into  the  excited  state 
cancel. By  changing  the  light  intensities  slowly  as  shown  in  Fig.  7b, 
population  can  be  adiabatically  transferred  from  |l,p>  to  13,p  +  fik2> 
while  remaining  in  the  uncoupled  "dark  state".  For  counterpropagating  laser 
beams  two  photon  momenta  are  transferred  to  the  atoms. 

The  adiabatic  transfer  method  can  also  be  used  to  construct  the  necessary 
interferometer  components  for  an  interferometer  as  shown  on  Fig.  8.  A  coherent 
superposition  of  two  states  of  different  momenta  is  created  by  turning  the  intensity 
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of  both  beams  to  zero  as  shown  for  pulse  shape  A  in  Fig.  8.  If  the  light  is  turned 
off  adiabatically  with  fij  =  Q2^  the  state  immediately  after  pulse  A  contains 
I  l,p>  and  |3,p+  ^k2>  with  equal  amplitudes.  In  pulse  B,  both  and 

^2  are  increased  simultaneously.  In  general,  the  atom  will  be  found  in  a 
superposition  of  the  coupled  and  non-coupled  ground  states.  As  pulse  B  evolves, 
the  part  of  the  atom  in  the  equal  superposition  dark  state  will  be  adiabatically 
transferred  to  the  new  dark  state,  1 1  ,p  > .  Any  part  of  the  atom  that  projects  onto 
the  coupled  state  undergoes  spontaneous  emission  and  falls  into  a  number  of  mp 
states.  The  dotted  lines  symbolize  the  loss  of  atoms  out  of  the  dark  state.  Pulse 
C  takes  the  part  of  the  atom  in  the  dark  state  |  l,p  >  immediately  before  the  pulse 
and  creates  another  superposition  dark  state.  Finally,  pulse  D  is  used  to  spatially 
recombine  the  atom  and  complete  the  interferometer.  The  interference  signal  is 
calculated  in  a  straightforward  manner,  and  the  details  of  the  calculation  are 
presented  in  another  publication. 


Fig.  8.  Pulse  sequence  for  an  atomic  interferometer  using  adiabatic  following.  The 
double  arrows  show  the  propagation  axis  of  the  light  with  frequency  (Rabi 
frequency  Q,);  light  with  frequency  <Rabi  frequency  Qj)  's  directed  oppositely.  The 
dashed  lines  show  loss  of  atoms  due  to  spontaneous  emission. 
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A  schematic  of  the  experimental  apparatus  is  shown  in  Fig.  9.  For  more 
details,  the  reader  is  referred  to  our  earlier  atom  interferometer  papers. A 
cesium  atomic  beam,  slowed  by  a  chirped  laser  beam,  loaded  a  magneto-optic 
trap.^^  The  light  necessary  for  cooling  and  trapping  was  generated  from  a 
Ti: Sapphire  laser  operating  at  the  cesium  D2  transition  6S1/2-6P3/2.  In  0.4  s  about 
10^  atoms  were  loaded,  after  which  the  trapping  magnetic  field  was  shut  off  and 
the  atoms  were  further  cooled  to  4  /xK  in  polarization-gradient  optical 
molasses.”  The  atoms  were  then  launched  in  a  vertical  ballistic  trajectory  by 
acousto-optically  shifting  the  molasses  beams  frequencies  to  a  moving  molasses^ 
traveling  upwards  at  2.3  m/s.  The  molasses  beams  were  then  blocked  with  a 
mechanical  shutter  to  prevent  low  level  light  leaking  through  the  AO  switch  from 
destroying  the  phase  coherence.  After  launching,  the  atoms  were  optically 
pump^  into  F=4,  mp^O  before  entering  a  magnetically  shielded  region  with  a 
homogeneous  100  mG  magnetic  bias  field  oriented  parallel  to  the  Raman  beams. 

The  two  Raman  beams  were  generated  from  a  second  Ti: Sapphire  laser 
locked  to  the  transition  6Si/2,F=4  6Pi/2,F’  =4  or  3  at  894  nm.  The  second 

Raman  frequency  component  at  6Si/2(F=3)-6Pi/2(F’)  was  generated  by  directing 
part  of  the  Di  light  through  a  9.2  Ghz  electro-optic  modulator  (EOM)  and  then 
through  a  cavity  locked  to  the  upper  sideband.  The  cavity  filtered  out  all  optical 
frequencies  by  35  dB  except  for  the  desired  sideband.  Two  40  MHz  acousto- 
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Fig.  9.  Experimental  setup  used  for  an  atomic  interferometer  based  on  delayed  laser 
pulses.  The  optics  used  to  generate  the  beams  for  the  atomic  fountain  are  not  shown 
and  the  slowing,  clearing  and  hyperfine  pumping  beams  have  been  omitted. 
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optic  modulators  (AOM’s  1  and  2)  were  used  to  generate  the  pulse  shapes  for 
adiabatic  following. 

The  undeflected  fraction  of  both  acousto-optic  modulators  were  mixed  on 
a  fast  photodiode  and  the  beat  frequency  was  phase  locked  to  an  rf  source  by 
controlling  the  electro-optic  modulator  drive  frequency.  This  difference 
frequency  was  adjusted  between  each  pulse  to  account  for  the  gravitational 
acceleration  of  the  atoms.  The  directions  of  the  Raman  beams  were  switched 
after  each  transfer  with  a  set  of  four  acousto-optic  modulators.  The  beams  were 
then  coupled  into  single  mode  optical  fibers  and  expanded  to  a  2  cm  Gaussian 
diameter  with  6  mW/beam.  The  beam  quality  and  collimation  were  measured  to 
be  better  than  X/10  over  the  central  1  cm  diameter  using  an  optical  sheering 
interferometer. 

We  studied  the  limitations  to  transfer  efficiency.  The  efficiency  is 
sensitive  to  the  purity  of  the  Raman  beam  polarizations;  if  the  two  beams  have 
different  polarizations  the  dark  state  will  not  be  a  pure  mp=0  state.  Back 
reflections  from  the  vacuum  can  windows  also  limit  the  transfer  efficiency  in  the 
Doppler- sensitive  case  since  the  moving  atoms  would  be  exposed  to  light  with 
incorrect  Raman  difference  frequencies.  For  a  quantitative  evaluation  of  how 
these  imperfections  degraded  the  transfer  efficiency,  we  refer  the  reader  to 
another  publication.^^ 

After  obtaining  efficient  population  transfer,  we  constructed  an  atomic 
interferometer  based  on  adiabatic  transfer  via  the  dark  state.  We  operated  the 
interferometer  as  follows:  Adiabatic  pulses  (typically  150  (jls  long)  as  shown  in 
Fig.  9  were  applied  to  the  atoms.  A  laser  beam  tuned  to  6Si/2,F=4  ^  6P3/2,F’  =5 
then  pushed  away  residual  population  in  the  F=4  state.  The  population  in 
6S,/2,F=3,mp=0  was  measured  by  first  transferring  the  population  to 
6S,/2,F=4,mp=0  with  a  microwave  x-pulse.  After  the  atoms  have  fallen  back 
into  the  probe  beam  region,  light  tuned  to  6Si/2,,F=4  ^  6p3/2,F’=5  was  pulsed 
on  and  the  subsequent  fluorescence  was  measured. 

Our  experimental  results  for  the  interferometer  is  shown  in  Fig.  10  for  a 
spacing  T=250  fxs  between  both  pairs  of  pulses.  The  fringes  were  recorded  by 
varying  the  Raman  difference  frequency  of  only  the  final  two  pulses.  The  broad 
envelope  in  the  fringes  corresponds  to  the  frequency  width  of  a  single  pulse.  The 
experimental  fringe  contrast  is  29%  when  we  transferred  with  the  6Pi/2,F’  =  3 
excited  state,  while  the  expected  fringe  contrast  is  —33%.  We  conjecture  that 
the  experimental  fringe  contrast  is  less  than  the  theoretically  predicted  contrast 
because  of  imperfect  polarization. 

We  have  observed  good  contrast  interferometer  fringes  with  a  spacing 
between  pulses  of  up  to  T=1.3  ms,  corresponding  to  a  total  interferometer 
measurement  time  of  -3.5  ms.  Probably,  the  contrast  began  to  wash  out  for 
longer  interferometer  times  because  of  the  frequency  jitter  on  the  Raman  beams 
induced  by  vibrations.  By  using  a  vibration  isolation  system  with  a  feedback 
circuit,  we  hope  to  substantially  increase  the  interferometer  drift  time.^^ 
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Fig.  10.  Interference  fringes  for  an  atomic  interferometer  based  on  adiabatic 

following  using  pulse  shapes  as  shown  in  Fig.  8.  The  time  between  pulses  A  and  B 
and  also  C  and  D  was  T  =  250  ps,  while  the  spacing  between  pulses  B  and  C  was  250 
jjs.  Each  point  corresponds  to  4  launches  at  a  rate  of  0.9  launches/s.  The  solid  line 
is  a  fit  to  a  cosine  function  with  a  Gaussian  envelope. 


We  plan  to  use  an  adiabatic  transfer  interferometer  in  our  next 
measurement  of  The  adiabatic  transfer  method  should  allow  us  to  insert 

more  photon  recoil  momenta  than  our  previous  measurement  and  induce  smaller 
ac  Stark  shifts.  This  method  can  also  be  used  in  large  area  atom  interferometers 
with  extremely  high  sensitivity  to  inertial  effects.  However,  it  is  not  obvious  that 
an  atom  interferometer  based  on  adiabatic  transfer  will  be  superior  to  the  off- 
resonant  Raman  method  we  had  previously  introduced,  and  we  plan  to  try  both 
methods.  We  will  have  two  different  interferometer  methods  with  different 
systematics  for  measuring 

This  work  was  supported  in  part  by  grants  from  the  NSF  and  the  AFOSR. 
CSA  was  a  Lindemann  Fellow  during  the  course  of  this  work. 
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Abstract.  The  operational  approach  to  the  problem  of  identifying  the  dynamical  variable(s) 
representing  the  phase  difference  between  two  quantum  fields  is  reviewed.  The  results  of 
numerous  measurements  in  which  the  theory  has  been  put  to  the  experimental  test  all  confirm 
the  validity  of  the  approach,  according  to  which  the  dynamical  variables  representing  the  phase 
depend  on  the  measurement  scheme. 


INTRODUCTION 

The  problem  of  identifying  the  dynamical  variable  that  properly  represents  the 
phase  of  a  quantized  electromagnetic  field,  or  more  appropriately  the  phase 
difference  between  two  fields,  is  almost  as  old  as  quantum  mechanics  itself.  It  was 
first  tackled  by  Dirac  in  his  first  paper  on  field  quantization  (1),  but  the  phase 
operator  introduced  by  Dirac  was  later  found  to  be  non-Hermitian.  Later  Susskind 

and  Glogower  (2)  and  Carruthers  and  Nieto  (3)  constructed  Hermitian  operators  C 
and  S  that  are  analogous  to  the  cosine  and  sine  of  the  phase.  Unfortunately  C  and 

S  do  not  commute,  so  that  there  is  not  one  phase  but  a  cosine  phase  and  a  sine 
phase,  and  this  has  been  widely  regarded  as  an  unsatisfactory  feature  of  this  theory. 

In  the  following  years  numerous  new  theoretical  approaches  were  developed 
(4),  some  of  which  yield  the  complete  probability  distribution  of  the  phase  (5-13), 
but  no  general  consensus  as  to  which  one  is  correct  emerged.  We  mention 
particularly  an  idea  due  to  Pegg  and  Barnett  (14-16),  which  has  generated  a  good 
deal  of  interest.  By  working  in  a  truncated  Hilbert  space  in  which  the  photon 
occupation  number  has  an  upper  bound  s,  they  succeeded  in  identifying  a  Hermitian 
phase  operator,  s  is  allowed  to  tend  to  infinity  only  at  the  end  of  the  calculation. 
The  results  of  this  approach  sometimes  agree  with  the  Susskind  and  Glogower 
theory  (2). 

We  have  approached  the  phase  problem  in  an  entirely  different,  more 
operational,  manner  (17).  Instead  of  looking  for  an  operator  with  certain 
mathematical  characteristics,  we  identify  operators  that  correspond  to  what  is 
usually  measured  in  the  laboratory  when  the  phase  is  determined  in  classical  optics. 
This  leads  to  the  conclusion  that  there  is  not  a  unique  phase  operator,  but  rather  that 
different  measurement  schemes  are  associated  with  different  operators.  The 
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predictions  of  this  operational  theory  differ,  in  general,  from  the  predictions  of 
other  phase  theories.  Finally,  we  show  that  the  operational  phase  theory  is  very 
weU  confirmed  in  numerous  experiments  (17-24). 

We  start  by  briefly  outlining  our  operational  approach  to  the  phase.  We  then 
present  the  results  of  several  experiments  in  which  the  theoretical  predictions  of  this 
phase  theory  are  tested,  and  we  make  some  comparisons  with  other  phase  theories. 


OPERATORS  CORRESPONDING  TO  CERTAIN 
MEASUREMENTS 

In  classical  optics  the  phase  difference  between  two  light  beams  is  usually 
measured  in  some  kind  of  interference  or  homodyne  experiment.  A  typical 
arrangement,  that  we  designate  as  scheme  1,  is  illustrated  in  fig.  1.  The  two  input 
fields,  characterized  by  complex  amplitudes  aj,a2,  are  mixed  by  a  50%:  50%  beam 

splitter  at  45°,  and  the  two  output  fields  are  measured  with  the  two 

photodetectors  D3,  D4,  whose  outputs  are  compared.  If  (l)j,(l)2  are  the  phases  of 

the  two  incoming  fields,  then  sin^ct)^  “  proportional  to  the  difference  between 
the  integrated  output  light  intensities  registered  by  detectors  D3  and  D4.  This  still 
does  not  completely  determine  the  phase  difference  ^2  “  possible  to 

insert  a  quarter  wave  phase  shifter  in  one  input,  as  shown  in  fig.  1,  and  remeasure 
the  outputs,  now  relabeled  5  and  6,  and  if  the  light  intensities  and  the  phases  have 

not  changed  significantly,  then  we  can  determine  cos((t)2 which  is 
proportional  to  the  difference  between  the  integrated  light  intensities  5  and  6. 


Input  1 
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^  Output  3  (5) 
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FIGURE  1.  Outline  of  a  scheme  for  measuring  the  sine  or  cosine  of  the  phase 
difference  between  two  optica!  fields  at  input  ports  1  and  2.  [Reproduced  from  reference 
171 
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When  the  field  is  quantized  and  each  input  may  be  treated  as  a  single  mode, 
aj,a2  are  photon  annihilation  operators  obeying  the  usual  commutation  relations, 

and  so  are  the  output  fields  and  a^,ag.  From  the  relations  between  inputs 
and  outputs  of  the  beam  splitter  we  readily  obtain  (17): 


(1) 

cos((l)2-<|) 

(2) 

A  A 

If  we  take  the  operators  S  and  C  to  characterize  the  sine  and  the  cosine  of  the  phase 
difference,  we  find  that 


[s,c],‘0,  (3) 

which  reflects  the  fact  that  the  sine  and  cosine  measurements  are  alternatives  and 
therefore  are  not  mutually  compatible,  even  if  the  unperturbed  fields  do  not  fluctuate 
between  measurements. 

There  is,  however,  no  need  to  make  the  sine  and  cosine  measurements 
successively.  With  the  help  of  the  more  complicated  8-port  arrangement  shown  in 
fig.  2,  (25-28)  that  we  call  scheme  2,  we  can  obtain  the  sine  and  cosine  of  the  phase 
difference  simultaneously.  A  simple  analysis  of  the  input  and  output 

variables  leads  to  the  conclusion  that  (17) 


FIGURE  2.  Outline  of  an  eight-port  scheme  for  simultaneously  measuring  the  sine 
and  cosine  of  the  phase  difference  between  two  optical  fields  at  input  ports  1  and  2, 
[Reproduced  from  reference  17] 


282  Measuring  the  Phase  of  a  Quantum  Field 


cos(4.2  - ^ -  fij  =  i(at  -  iatj(a2  -  ia^J  +  he  =  C  (4) 

sin(02  -  <l)j) -  +  aj ^(a^  +  ia2o)  +  he  =  S  .  (5) 


where  a^Q  represent  the  vacuum  modes  at  the  two  unused  input  ports.  Unlike 

C  and  S  in  Eqs.  (1)  and  (2),  these  C,  S  operators  commute,  which  reflects  the  fact 
that  they  are  measurable  at  the  same  time.  In  order  to  ensure  compatibility  of  the 
sine  and  cosine  we  shall  take  the  measured  operators  to  be 

C^=C(c2  +  s)“2  (6) 

S^=S(C  +  s2)"2,  (7) 


and  then  C  and  S  conunute  also.  We  note  that  measurement  schemes  1  and  2 
m  m 

correspond  to  different  measured  sine  and  cosine  operators. 

Because  of  the  irrational  operator  factors  in  Eqs.  (6)  and  (7),  it  is  worth  noting 
that  the  expectation  of  functions  of  the  sine  and  cosine  can  be  calculated  without 

using  irrational  operators.  In  general,  for  any  function  f(n^,h^,n^,h^j  of  the 

photon  numbers,  we  may  write  for  the  quantum  expectation 

^f(h^,h^,h^,n^)^  =  ]£f(n^,n^,n^,n^)p(n^,n^,n^,n^),  (8) 

{n} 


where  P(n^,n^,n^,n^j  is  the  joint  probability  for  n^  photons  to  be  detected  at 
output  port  3,  n^  photons  at  output  port  4,  n^  photons  at  output  port  5,  n^  photons 
at  output  port  6.  With  perfect  detectors  this  is  given  by 


,n 


5 


(9) 


With  photodetectors  of  detection  efficiency  a  and  surface  area  S  used  at  normal 
incidence,  the  joint  probability  P(m2,m^,m^,m^)  for  m^  detections  by  D3,  m^ 
detections  by  D4,  m^  detections  by  D5,  and  m^  detections  by  D5  during  the 
measurement  time  T  is  given  by 
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t+T 


P(m3, 


ni4,m5,mj=.n{  J 


acS  jl(t')dt' 


t+T 

-acS 


m.! 

J 


(10) 


when  Ij(t)  is  light  intensity  expressed  in  photons  per  unit  volume. 


Two  different  limiting  situations  are  commonly  encountered.  When  the  photon 
counting  time  T  is  much  shorter  than  the  coherence  time  of  the  light,  we  may 
approximate  the  integrals  in  Eq.  (10)  by  writing 

t+T 

acS  Jij(t')dt'=>a|^^jataj  =  Pnj.  (11) 

t 

Here  is  the  quantization  volume,  and  p  is  the  product  of  the  detection  and  the 
effective  collection  efficiency.  Then 


)= 


(12) 


On  the  other  hand,  when  the  photon  counting  time  T  is  much  longer  than  T^,  then 
the  time  integral  can  be  approximated  by  the  time  average  multiplied  by  T,  But  for 
an  ergodic  process  the  time  average  equals  the  average  over  the  ensemble,  so  that 
we  may  write 


t+T 

acS  jL(t')dt' 

t 


a 


and  substitute  in  Eq.  (10).  Then 


j=3 


m.! 
J 


(13) 


(14) 


In  both  cases,  the  effect  of  less  than  perfect  detection  and  collection  efficiency  is 
incoiporated  by  replacing  ata^  by  PaTa^. 
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The  experimental  outcome  and  deserves  special  mention. 

For  measurement  scheme  1  we  see  from  Eqs.  (1)  and  (2)  that  both  cos^ct)^  -<1)J 

and  sin((|)2  -  (j)  J  are  then  zero,  but  there  are  no  phase  angles  whose  cosine  and  sine 

both  vanish.  For  measurement  scheme  2  we  find  that  C  and  are  both 

m  m 

undefined  when  m^=m.,  m-=m..  We  shall  therefore  exclude  such 
3  4’  5  6 

combinations  from  the  sum  in  Eq.  (8),  and  renormalize  the  sum  by  dividing  by 
1  -  fp,  where  fPis  the  probability  for  the  outcome  m^  =  m^,  m^  =  m^.  By  using 
Eq.  (9)  we  may  show  that  (17) 


V2L 


(15) 


where  I^Cz)  is  the  modified  Bessel  function  of  zero  order.  Henceforth  we  shall 
assume  that  this  renormalization  has  been  carried  out.  The  resulting  correction  will 
generally  be  negligible  when  (n^i).(m2)  numbers,  but  it  becomes 

increasingly  significant  the  smaller  Discarding  the  all  zero  outcomes 

makes  it  possible  to  obtain  some  information  about  the  phase  difference  (t)^  -  <1)^  in 
direct  measurements  of  two  weak  optical  fields,  as  we  shall  demonstrate  below. 

As  a  check  on  the  reasonableness  of  the  resulting  formalism,  we  now  calculate 
some  expectations  of  and  S^.  When  the  two  inputs  to  the  interferometer  in 

scheme  2  are  in  the  two-mode  state  |^j)|^2}  definite  phase  (14-16),  where 


and  the  limit  s  ^ is  to  be  taken  only  at  the  end  of  the  calculation,  we  find  that 

(C„,)  =  cos(02-ei) 

(Sm)  =  ^e2-®l) 

(C^)  =  cos2(e2-0l)  (17) 

(S2)  =  sm2(02-0i).  j 
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This  is  exactly  what  is  to  be  expected  for  a  state  of  well-defined  phase. 

When  the  interferometer  input  is  in  the  2-mode  Fock  state  |nj)|n2),  for  which 
no  definite  phase  is  to  be  expected,  one  finds  (19) 

(>» 

which  is  typical  of  a  randomly  phased  system. 

Finally,  we  note  that  the  same  formalism  allows  the  probability  distribution 
P(<l>2  “  of  phase  difference  -  (t)j  between  two  fields  to  be  calculated  and 
compared  with  measurement  (22).  For  this  purpose  let  us  identify  the  function 
f(n^,n^,n^,n^j  in  Eq.  (8)  with 


X 


,n 


4 


K-"3) 

+  i 

f 

n,  -n 
0 

3) 

>-"3) 

^4 

(n 

6 -"5] 

r 

V2 

ei0x^ 


(19) 


whose  expectation  is  the  characteristic  function  C(x)  of  the  phase  difference 
Fourier  inversion  of  C(x)  then  should  give  the  measured  probability 

distribution  -  <|) j ) , 


Pn,('l>2  =  ^  JdxC(x)e-“K-t-i)  ,  (20) 

—CO 

In  practice,  the  situation  is  complicated  by  the  fact  that  when  there  are  few 
photons,  there  are  also  few  non-zero  outcomes  of  the  measurement.  For  example, 

when  (o^i)»(oi2)«  1»  then  non-zero  experimental  outcomes  other  than  m^  =  1, 

and  others  zero;  m^  =  1,  and  others  zero;  m^  =  1,  and  others  zero;  ni^  =  1,  and 

others  zero  are  very  improbable,  and  each  of  these  4  outcomes  corresponds  to  one 
of  4  possible  values  of  the  phase  difference  (19).  No  other  values  are  ever 
encountered.  But  a  simple  procedural  change  is  capable  of  dealing  with  this 
problem  and  distributing  the  outcomes  over  the  range  ~k  to  7U.  We  deliberately 
shift  the  phase  of  one  of  the  input  fields,  say  a^,  by  some  amount  0,  and  then 

reconstruct  the  conditional  probability  density  p((t>2  -<l)j|0).  We  repeat  this 
procedure  for  many  different  values  of  0  in  small  equal  steps  B  over  the  range 
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-7c/2t0  7c/2.  This  distributes  the  output  photons  over  all  the  detectors.  Then  the 
desired  probability  distribution  P((l)2  -  (t)j)  is  obtained  by  averaging  all  the  different 

P(^2  ^  denotes  the  quantum  expectation  in  the  phase 

shifted  state,  then  (22) 

— oo 

and  after  averaging  over  aU  0  we  have  in  the  limit  of  sufficiently  small  B, 

-n 


EXPERIMENTS  TO  MEASURE  PHASE 

We  now  turn  from  theory  to  experiment  and  we  describe  a  number  of  phase 
measurements  which  allow  the  foregoing  operational  phase  theory  to  be  tested.  The 
measurements  below  are  all  based  on  scheme  2,  which  makes  use  of  the  eight-port 
device  to  give  both  the  sine  and  cosine  of  the  phase  difference  between  the  two 
input  fields. 

For  the  first  experiments  the  light  source  was  a  stable  single-mode  He:Ne  laser 
whose  output  beam  is  split  with  a  50%:50%  beam  splitter  into  two  parts  serving  as 
inputs  1  and  2  to  the  eight-port  interferometer.  (18,19)  The  beam  splitter  is 
mounted  on  a  piezo  electric  transducer  that  allows  the  phase  difference  between  the 
two  inputs  to  be  varied,  but  the  phase  difference  was  held  constant  for  one  series  of 
measurements.  The  mean  photon  counts  at  the  inputs  were  varied  over  a  3000:1 
range  from  30  down  to  10‘^  by  adjustment  of  the  photon  counting  time  T  from  just 
over  1msec  to  O.Spsec.  The  interference  fringes  at  the  interferometer  output 
generally  have  visibility  above  98%. 

Fig.  3  shows  the  measured  values  of  as  a  function  of  the  mean  detected 

photon  number  ^m  J,  for  a  fixed  ratio  (a)  (1^2)/ (”^l)  =  ^  {^2)/ (”^l)  “  ^  ’ 

superimposed  on  the  theoretical  curve  derived  from  Eqs.  (6)  and  (12).  Good 
agreement  is  obtained.  Two  features  are  worth  noting.  The  ratio 

^Cm)/cos(02  -  0J  turns  out  to  be  independent  of  the  phase  difference  ©2  "^1 
between  the  two  input  beams,  and  it  becomes  unity  when  (mi)»(iTi2) 
we  observe  that,  even  when  still  contain  some 
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information  about  the  phase  difference,  which  is  connected  with  the  fact  that  all  zero 
outcomes  m^,m^,m^,m^  =  0  are  discarded,  although  they  are  most  probable. 


<  IHj  > 

FIGURE  3.  Comparison  of  measured  and  calculated  values  of  (^m)  (^m) 

function  of  average  detected  photon  number  for  two  coherent  fields  with  (a) 
=  1 :  (b)  =  7.  [Reproduced  from  reference  18] 


FIGURE  4.  Comparison  of  measured  and  calculated  values  of  as  function  of 

average  detected  photon  number  for  two  coherent  fields  with  =  50 .  The  full 

curve  corresponds  to  the  theoretical  prediction  of  the  theory  of  Noh,  Fougdres  and 
Mandel,  and  the  dashed  curve  to  the  theories  of  Susskind  and  Glogower  and  Pegg  and 
Barnett.  [Reproduced  from  reference  19] 
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<  nij  > 


FIGURE  5.  Comparison  of  measured  and  calculated  values  of  the  (a)  odd  and  (b)  even 
moments  of  C  as  function  of  average  detected  photon  number  (012)  lor  a  vacuum  field 
entering  at  input  port  1  and  a  coherent  field  entering  at  port  2.  [Reproduced  from 
reference  19] 

Fig.  4  shows  the  results  of  similar  measurements  (19),  in  which  ^m2)  is  held 

fixed  at  ^m^)  =  50  and  ^m  J  is  varied,  superimposed  on  two  different  theoretical 

curves  based  on  our  formalism  (NFM)  and  on  the  Susskind-Glogower  (SG)  and 
Pegg-Bamett  (PB)  theories.  Once  again  the  data  are  in  good  agreement  with  the 
(NFM)  theory.  Figs.  (5a)  and  (5b)  present  the  results  of  measurements  of  the  first 

8  moments  of  C^((|)2  -<t>J  in  the  special  case  in  which  input  1  is  in  the  vacuum 


L.  Mandel  289 


state,  while  input  2  is  a  coherent  laser  field  with  (rn^  =  50 .  As  the  vacuum  field  is 
randomly  phased,  one  might  expect  -  (|)j  to  be  distributed  uniformly  over  the 
range  -7t  to  7t .  However,  for  the  reasons  already  mentioned  in  connection  with  the 
derivation  of  ~  Eq.  (22),  the  uniform  probability  distribution  of  the 

phase  difference  is  encountered  only  in  the  limit  and  the  higher 

moments  of  C  reflect  this  fact.  (19) 

Fig.  6  presents  the  results  (22)  of  measurements  of  the  complete  probability 
distribution  phase  difference  between  two  input  fields  in 

coherent  states  |v  J  and  jv^),  with  =  1,  v^  =  2.36.  The  experimental  results  are 

in  the  form  of  a  histogram  of  bin  width  18°,  because  one  input  was  phase  shifted 
externally  in  steps  of  18°,  as  described  above.  The  black  dots  give  the  expected 

theoretical  form  of  ((|)2  “  <l>  J » and  we  see  that  theory  and  experiment  are  again  in 
good  agreement. 


FIGURE  6.  Comparison  of  measured  and  calculated  probability  distributions  of  the 
phase  difference  A(|)  between  two  coherent  Input  fields  |vj),|v2)  with 
Vj  =  1,V2  =  2.36.  The  black  dots  give  the  predictions  of  the  NFM  theory.  [Reproduced 
from  reference  22] 

So  far  all  the  measurements  made  use  of  coherent  input  fields  for  which  the 
phase  difference  is  effectively  constant.  But  the  phase  formalism  should  apply  to 
much  more  general  situations,  including  those  in  which  the  two  input  fields  are  only 
partially  coherent.  Fig.  7  illustrates  the  experimental  set-up  for  producing  two  input 
fields  to  the  8-port  interferometer  whose  degree  of  mutual  coherence  can  be  varied. 
(23)  One  source  is  a  very  stable  single-mode  He:Ne  laser,  whereas  the  other  source 
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is  a  multimode  He:Ne  laser.  The  two  laser  beams  are  effectively  mutually 
incoherent.  By  mixing  these  two  beams  with  the  help  of  beam  splitters  BS3  and 
BS5  in  various  proportions  that  can  be  controlled  by  adjustment  of  the  variable 

neutral  density  filters  F4  and  F6,  we  generate  two  new  fields  E(+)  and  E^+), 
whose  degree  of  coherence  can  be  varied  between  0  and  1.  These  serve  as  inputs  to 
the  8-port  interferometer  in  Fig.  7.  Variable  filter  F8  allows  the  intensity  of  E^^^  to 

be  controlled  relative  to  E(+).  The  rest  of  the  apparatus  functions  as  described 
previously. 


FIGURE  7.  Outline  of  the  experimental  setup  for  measuring  the  probability 
distribution  of  the  phase  difference  between  two  fields  with  variable  degree  of 
coherence.  [Reproduced  from  reference  23] 

Fig.  8a  shows  the  results  of  measurements  in  which  the  average  photon 
numbers  (mj),(m2)  at  the  input  were  both  unity,  for  three  different  values  of  the 
degree  of  coherence.  (23)  Fig  8b  shows  the  results  of  similar  measurements  in 
which  (mj),(m2)  were  increased  to  5.  All  the  histograms  are  superimposed  on  the 
theoretically  expected  probability  distributions  given  by  Eq.  (22).  Once  again  there 
is  very  good  agreement  between  theory  and  experiment.  As  ^mj^,^m2^  decrease 
from  large  to  smaU  values  the  probability  distribution  broadens,  and  the  same  is  true 
as  the  degree  of  coherence  decreases  from  1  to  0. 
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FIGURE  9.  Outline  of  the  experimental  set  up  for  measuring  the  probability 
distribution  of  the  phase  difference  between  two  quantum  fields  produced  by 
downconversion  in  two  non-linear  crystals.  [Reproduced  from  reference  24] 

So  far  the  good  agreement  between  our  fonnalism  for  the  phase  md  the  results 
of  measurements  has  been  limited  to  optical  fields  having  a  classical  character, 
which  could  be  regarded  as  ensembles  of  coherent  states.  Finally  we  turn  to  a 
situation  in  which  the  fields  have  no  classical  description,  and  are  purely  quantum 
mechanical  in  nature.  (24)  Fig  9  shows  the  set-up  for  such  an  experiment.  NLl 

and  NL2  are  two  crystals  with  non-linear  susceptibilities  that  function  as 
parametric  downconverters.  When  they  are  opticaUy  pumped  by  a  U V  beam  from 
an  argon  ion  laser  oscillating  on  the  351  nm  line,  some  of  the  incident  pump 
photons  split  into  two  lower  frequency  photons  that  are  emitted  simultaneously, 
such  that  either  sj  and  ij  are  emitted  from  NLl  or  $2  and  12  are  emitted  from  NL2. 
The  two  crystals  are  so  oriented  that  ij  from  NLl  passes  through  NL2  and  is 
colinear  with  12  emitted  from  NL2.  sj  and  S2  serve  as  inputs  to  the  eight-port 
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FIGURE  10.  Comparison  of  the  measured  and  calculated  probability  distributions  of 
the  phase  difference  ~~  between  two  quantum  fields  with  variable  degrees  of 

mutual  coherence  [7^2!  ■  |T|  is  the  absolute  transmissivity  of  the  filter  placed  in  the  idler  1 
beam.  [Reproduced  from  reference  24] 
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interferometer,  which  is  configured  as  before.  It  has  been  demonstrated  that  the 
degree  of  coherence  ^2  controlled  by  the 

transmissivity  |T|  of  variable  filter  F  inserted  between  NLl  and  NL2,  as  shown  in 
Fig.  9.  The  phenomenon  cannot  be  described  classically,  but  it  can  be  understood 
in  terms  of  the  intrinsic  indistinguishability  of  the  Sj  and  S2  photon  trajectories.  It 
can  be  regarded  as  an  example  of  a  process  in  which  ij  induces  coherence  between 
sl  and  s2,  but  without  inducing  emission.  (29) 

Our  theoretical  formalism  for  the  probability  distribution  of  the  phase  difference 
leads  to  the  analytic  form  (24) 

in  which  p  is  a  real  number  (0  <  P  <  1)  that  mainly  reflects  the  lack  of  complete 
overlap  between  ij  and  12-  In  practice  we  find  that  P«  0.32.  The  results  of 

measurements  of  the  probability  distribution  Pj^^(4>2  ~  ^1)  three  different  values 

of  the  transmissivity  |T|  are  shown  in  Fig.  10,  in  which  the  probability  has  been 
centered  somewhat  arbitrarily  on  (j)^  -  <|)j  =  0.  Also  shown  are  the  theoretically 

expected  forms  given  by  Eq.  (23).  Once  again  we  find  reasonable  agreement .  We 
have  also  calculated  the  corresponding  probability  ^stribution  by  use  of  the  Pegg 
and  Barnett  Hermitian  operator  formalism,  and  we  find  a  result  of  the  same  general 
form  as  that  given  by  Eq.  (22),  except  that  the  coefficient  of  the  cosine  term  is  about 
five  times  smaller.  (24)  This  agrees  less  well  with  the  data. 

It  is  encouraging  that  our  operational  formalism  for  the  quantum  phase  exhibits 
good  agreement  with  experiment  in  every  case  in  which  it  has  been  put  to  the  test. 
This  suggests  that  there  may  not  be  one  unique  operator  that  represents  the  phase  of 
a  quantized  field,  perhaps  because  the  concept  of  phase  is  intrinsically  classical. 
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Abstract.  Long  lived  circular  Rydberg  atoms  interacting  with  high 
finesse  superconducting  cavities  offer  unique  opportunities  to  perform 
tests  on  fundamental  quantum  mechanics.  “Schrodinger  cats”,  mul¬ 
tiparticle  nonlocal  correlations,  “quantum  teleportation”  offer  striking 
illustrations  of  the  less  intuitive  aspects  of  quantum  mechanics.  At  the 
heart  of  these  experiments  is  the  dispersive  atom-cavity  interaction.  We 
present  its  experimental  manifestations,  with  the  measurement  of  single 
photons  light  shifts  and  of  Lamb  shifts  due  to  a  single,  empty,  cavity 
mode.  We  then  describe  some  possible  extensions  of  this  experiment, 
some  of  which  being  under  way  in  our  laboratory. 


INTRODUCTION 

The  advent  of  new  experimental  techniques  allowing  one  to  prepare  and 
study  single  quantum  systems  in  a  carefully  controlled  environment  has  con¬ 
siderably  renewed  the  interest  in  fundamental  experiments  on  quantum  me¬ 
chanics.  The  gedankenexperiments  of  the  founders  of  quantum  theory  are  now 
accessible.  In  this  field,  cavity  quantum  electrodynamics  (CQED)  is  particu¬ 
larly  promising  (1,  2,  3,  4).  A  matter-field  system  made  of  a  circular  Rydberg 
atom  (5)  interacting  with  a  single  high-quality  mode  of  a  superconducting 
cavity  can  be  understood  in  terms  of  the  basic  quantum  mechanics  postulates. 
Observing  its  behavior  allows  one  to  realize  extensive  tests  of  our  understand¬ 
ing  of  the  quantum  measurement  theory. 
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FIGURE  1:  Principle  of  a  cavity  quantum  electrodynamics  experiment 


The  basic  principle  of  a  CQED  experiment  is  sketched  in  Figure  1.  An 
alkali  atomic  beam  (rubidium  in  our  experiments)  crosses  first  a  circular  state 
preparation  zone  {CB  in  Fig.  1).  The  atoms  exit  CB  in  a  circular  state 
|e),  with  a  high  principal  quantum  number  (51  for  instance),  and  maximum 
angular  and  magnetic  quantum  numbers.  Though  this  state  is  a  long  lived 
one  (lifetime  =  30  ms),  it  is  strongly  coupled  to  millimeter- wave  radia¬ 
tion.  The  dipole  matrix  element  of  the  51  ^  50  (|e)  ^  |t;})  transition,  at 
^Q/27r  =  51.099  GHz,  is  1250  a.u.  The  atoms  interact  later  with  the  supercon¬ 
ducting  cavity,  resonant  at  a  frequency  close  to  the  atomic  one.  The  cavity 
field  energy  damping  time,  may  be  also  in  the  tens  of  ms  range.  A  classical 
microwave  source  may  be  used  to  prepare  a  coherent  field  in  C.  The  atomic 
state  can  be  determined  downstream  by  the  selective  and  sensitive  field  ioniza¬ 
tion  technique  (detector  D).  Various  atomic  state  manipulations  can  be  made 
with  the  help  of  auxiliary  microwave  zones  {Ri  and  R2).  The  atom  can  be, 
for  instance,  prepared  in  a  superposition  of  states  |e)  and  \g}  before  entering 
C.  The  zone  R2,  in  association  with  detector  can  be  used  to  measure  any 
atomic  observable. 

When  the  atom-cavity  interaction  is  resonant,  the  atom  may  emit  or  absorb 
photons  in  the  mode.  This  is  the  principle  of  the  micromaser  (6,  7).  In  this 
case,  the  atom  plays  a  double  role.  At  the  same  time,  it  “prepares  the  field 
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in  the  cavity,  and  it  “probes”  it.  A  simpler  situation  is  encountered  when  the 
atom  and  the  cavity  are  not  exactly  resonant.  The  interaction  is  then  purely 
dispersive.  No  photon  can  be  absorbed  or  emitted  by  the  atom,  provided  the 
atom-cavity  detuning  6  is  large  enough.  The  effect  of  the  coupling  is  then 
twofold.  First,  the  atomic  transition  is  shifted  by  the  cavity  field.  Part  of  this 
shift  exists  even  in  an  empty  mode.  It  can  be  described  as  the  Lamb  shift  of 
the  upper  level  due  to  the  interaction  with  the  vacuum  fluctuations.  Another 
part  of  the  shift  is  linear  versus  the  field  intensity,  and  is  simply  the  light 
shift  (8)  (note  that  the  Lamb  shift  effect  is  equal  to  the  light  shift  produced 
by  half  a  photon).  These  shifts  are  accessible  experimentally  with  Rydberg 
atoms.  The  shift  per  photon  is  of  the  order  of  0^/5,  where  O  is  the  atom-field 
coupling  (half  the  Rabi  precession  frequency  in  the  field  of  a  single  photon). 
With  our  experimental  parameters  (n/27r  =  25  kHz  and  5/27r  =  100  kHz  — 
much  larger  than  the  cavity  and  atomic  linewidths),  the  shifts  are  a  few  kHz 
per  photon.  In  parallel  with  the  atomic  levels  modifications,  the  interaction 
shifts  the  cavity  mode  frequency.  This  level  dependant  shift  can  be  attributed 
to  the  atomic  index  of  refraction.  As  it  is  also  in  the  kHz  range,  it  means  that 
a  single  Rydberg  atom  changes  the  index  of  the  medium  by  about  1  part  in 
10“^^,  quite  a  large  value. 

An  important  point  in  these  experiments  is  that  the  atom  and  the  field 
get  correlated  after  the  interaction.  Their  quantum  state  is  an  entangled  one 
which  cannot  be  cast,  under  any  representation,  as  a  tensor  product  of  an  atom 
and  a  field  state.  The  two  components  of  this  correlated  system  have  a  lifetime 
much  longer  than  the  interaction  time  tint  (tens  of  ms  compared  to  tens  of  fis). 
We  obtain  thus  a  nonlocal  quantum  state,  very  similar  to  the  correlated  pairs 
of  the  famous  EPR  paradox  (9).  Tests  of  quantum  nonlocality  based  on  Bell 
inequalities  (10)  could  be  undertaken  with  this  system.  It  is  also  possible,  as 
will  be  shown  later,  to  prepare  entangled  states  with  more  than  two  particles. 
Proposed  for  the  first  time  by  Greenberger  et  al.  (11),  these  states  provide 
tests  of  quantum  nonlocality  much  more  stringent  than  the  “ordinary”  pairs. 

The  atom-field  correlation  can  be  used  also  to  gain  some  information  on 
the  field  state.  This  is  at  the  heart  of  a  Quantum  Non  Demolition  (QND) 
measurement  method  for  the  field  intensity  (12,  13).  The  measurement  of 
a  well  chosen  atomic  observable  allows  one  also  to  project  the  field  onto  an 
highly  nonclassical  state.  “Schrodinger  cats”  of  the  field  can  be  prepared  in 
this  way  (13).  They  are  quantum  superpositions  of  fields  differing  through 
their  macroscopic  attributes.  The  study  of  the  relaxation  of  the  coherence 
between  their  components  due  to  the  coupling  with  the  outside  world  can  help 
us  bridging  the  gap  between  the  quantum  world,  where  superposition  is  the 
rule,  and  the  macroscopic  world,  where  it  is  never  observed  (there  is  not  such 
thing  as  a  living  and  dead  cat,  following  the  provocative  Schrddinger’s  wording 
(14)). 


300  Measuring  and  Manipulating  Quantum  Fields 


In  the  first  part  of  this  paper,  we  will  describe  an  experimental  evidence 
of  the  dispersive  atom-cavity  interaction.  Using  an  interferometric  technique 
(separated  oscillatory  fields  Ramsey  fringes  (16)),  we  have  measured  the  light 
shifts  at  the  photon  level  and  determined  the  Lamb  shift  (15).  We  will  show 
then  how  this  interferometric  signal  can  be  used  for  a  QND  measurement 
of  the  field  intensity.  In  the  same  conditions,  a  “Schrodinger  cat”  can  be 
produced  and  analyzed.  Using  the  nonclassical  properties  of  this  state,  one 
can  prepare  entangled  triplets  of  atoms  (a  la  GHZ).  Finally,  we  will  describe  a 
striking  application  of  quantum  nonlocality:  the  quantum  “teleportation”  of 
an  atomic  state  between  two  cavities. 

FROM  LAMB  SHIFTS  TO  LIGHT  SHIFTS 

The  energy  shift  of  the  upper  level  |e)  at  the  center  of  a  cavity  containing 
n  photons  is  (n  T  (13).  The  n  term  accounts  for  the  light  shifts,  the 

“1”  term  is  the  Lamb  shift.  Level  1^)  experiences,  in  the  same  conditions,  a 
shift  -nhQ‘^/6  (note  that,  within  the  approximations  we  use,  \g)  is  not  shifted 
in  an  empty  cavity).  The  wavefunction  of  an  atom  crossing  the^avity  in  level 
|e)  experiences  thus  a  phase  shift  e(n  T  1),  with  s  =  2Liit^  /^-  ^  is  the  r.m.s. 
average  of  the  atom  field  coupling  along  the  atom’s  trajectory.  An  atom  in 
state  \g)  would  experience  a  dephasing  —ne.  Note  that  the  atom  remains  in 
the  same  state  during  the  interaction,  provided  8  ^ 

These  dephasings  correspond  to  the  slowing  down  or  acceleration  of  the 
atom  in  the  cavity,  due  to  the  forces  deriving  from  the  position-dependant 
shifts  (17,  18,  19).  They  are  detected  easily  by  an  interferometric  technique. 
We  use  the  Ramsey  method  (16).  The  zone  Ri  is  set  to  prepare  a  superposi¬ 
tion  with  equal  weigths  of  je)  and  |p).  This  superposition  crosses  the  cavity, 
which  dephases  in  different  ways  the  wavepackets  associated  to  [e)  and  l^). 
The  atomic  coherence  phase  modification  is  translated  into  a  population  in¬ 
formation  in  zone  R2,  which  mixes  again  the  two  levels.  Depending  upon  the 
relative  phase  of  the  atomic  coherence  and  of  the  R2  field,  the  effect  of  the 
second  zone  doubles  or  cancels  the  one  of  Ri.  The  atomic  energy  is  then  a 
sinusoidal  function  of  the  frequency  Ur  =  applied  in  Ri  and  R2,  with  a 

period  equal  to  the  reciprocal  of  the  transit  time  across  the  apparatus,  mod¬ 
ulating  the  line  profile  associated  to  a  single  zone.  The  phase  of  these  fringes 
reflects  directly  the  shifts  experienced  in  the  cavity.  This  fringe  signal  reveals  a 
quantum  interference  between  two  undistinguishable  paths:  a  transition  from 
|e)  to  1^),  for  instance,  can  occur  either  in  R\  or  in  R2.  Nothing  in  the  final 
outcome  can  be  used  to  tell  which  path  the  atom  has  followed. 

The  whole  experimental  set-up  is  contained  in  an  Helium  4  croystat,  op¬ 
erating  at  1.4  K.  The  low  temperature  allows  one  to  use  superconducting 
cavities,  and  to  get  rid  of  most  of  the  thermal  radiation.  The  rubidium  atoms 
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FIGURE  2:Ramsey  fringes  signal:  |e)  to  |^)  transfer  rate  versus  the  frequency  difference 
—  uq  between  the  fields  in  Ri  and  R2  and  the  atomic  line.  45  fringes,  3.2  kHz  apart, 
modulate  the  single  zone  interaction  profile 

are  first  promoted,  by  a  laser-diode  excitation  in  CR,  in  an  “ordinary”  low 
angular  momentum  Rydberg  state  (51F,  m  =  2).  A  “circularization”  pro¬ 
cess  then  transfers  most  of  the  population  to  the  circular  state.  The  method 
makes  use  of  an  adiabatic  rapid  passage,  during  which  the  atom  absorbs  48 
radiofrequency  (250  MHz)  photons,  on  transitions  between  Stark  levels  in  a 
static  electric  field  of  2.5  V /cm.  A  small  magnetic  field  along  the  quantization 
axis  lifts  the  degeneracy  between  the  angular-momentum-increasing  transi¬ 
tions  (cr"^  polarization),  and  the  angular-momentum-decreasing  ones.  This 
very  efficient  technique  has  already  been  described  in  details  elsewhere  (20). 

Each  circularization  sequence  produces  about  400  circular  atoms.  The 
sequence  is  repeated  at  a  1.6  kHz  rate,  well  adapted  to  the  600  /is  transit 
time  across  the  apparatus.  Circular  atoms  are  stable  only  in  a  small  electric 
field  (21).  In  free  space,  they  are  degenerated  with  many  other  high  angular 
momentum  levels.  Stray  fields  can  induce  transitions  between  these  levels.  A 
very  homogeneous,  carefully  controlled,  0.3  V/cm  field  is  thus  applied  along  the 
atom’s  trajectory  with  the  help  of  40  adjustable  electrodes.  At  the  exit  of  the 
interferometer,  the  atoms  are  detected  by  the  field  ionization  technique.  The 
produced  electrons  are  focused  by  electrostatic  lenses  on  a  dynode  multiplier. 
The  association  of  the  time  resolved  preparation  and  detection  allows  us  to 
perform  a  passive  velocity  selection  (relative  velocity  dispersion  1.5  %).  As 
optical  interferometric  signals,  the  Ramsey  fringes  are  better  observed  with  a 
“monochromatic”  atom  source. 
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Two  low-finesse  cavities  are  used  for  the  Ramsey  zones.  They  are  9  cm 
apart.  This  corresponds,  for  300  m/s  atomic  velocity,  to  a  3.2  kHz  fringe 
spacing.  In  order  to  observe  a  large  fringe  number,  we  broaden  the  single  zone 
line  by  applying  the  microwave  in  Ri  and  i?2  for  ^  short  time,  while  the  atoms 
are  close  to  the  center  of  the  zones.  The  observed  transfer  rate  as  a  function  of 
i/r  -  1^0  is  displayed  in  Figure  2.  The  contrast  (from  10  to  70  %  transfer  rate) 
is  limited  by  the  Ramsey  field  homogeneity  on  the  beam  size  (1  mm  diameter) 
and  by  the  source  width  (200  Hz).  Field  inhomogeneities  and  stray  magnetic 
field  fluctuations  contribute  also  to  the  contrast  reduction 

The  superconducting  cavity  C  is  an  open  Fabry-Perot.  This  is  the  only 
cavity  compatible  with  the  static  electric  field  needed  for  circular  states  preser¬ 
vation.  It  is  made  of  two  spherical  massive  niobium  mirrors  (50  mm  dia.,  40 
mm  radius  of  curvature),  placed  27  mm  apart.  They  sustain  two  orthogonally 
polarized  gaussian  TEMgoo  modes,  with  9  antinodes.  The  degeneracy  of  these 
modes  is  slightly  lifted  by  geometric  imperfections:  the  two  frequencies  are  146 
kHz  apart.  The  two  modes  can  be  tuned  simultaneously  by  slightly  translating 
one  mirror  with  the  help  of  a  mechanical  drive  deforming  elastically  the  mirror 
mount  (10  MHz  range).  For  fine  tuning,  the  other  mirror  is  held  by  a  PZT 
stack  (200  kHz  range). 

Both  modes  have  a  quality  factor  Q  =  8.  10^.  It  is  determined  by  mon¬ 
itoring  the  cavity  transmission  through  two  0.2  mm  diameter  coupling  holes 
drilled  in  the  mirrors  centers.  With  such  a  quality  factor,  the  field  damp¬ 
ing  time  icav  ^  2  fis  is  much  shorter  that  the  atom-cavity  interaction  time 
iint  =  25  IIS.  The  field  is  renewed  many  times  by  the  sources  during  the  inter¬ 
action.  The  light  shifts  are  then  proportional  to  the  average  intensity,  which 
is  not  quantized.  Such  a  cavity  is  certainly  not  suited  for  exhibiting  long-lived 
atom-field  correlations.  The  main  limitations  of  this  first  cavity  were  due  to 
the  field  diffusion  on  the  mirrors  imperfections.  Since  then,  we  have  devel- 
opped  optical  polishing  techniques,  which  enabled  us  to  reach  Q  =  2,  10®, 
corresponding  to  icav  =  700  iis,  a  value  large  enough  for  most  of  the  experi¬ 
ments  we  will  describe  later. 

The  average  atom-field  coupling  at  cavity  center,  Q/2-k,  is  a  little  lower 
than  the  25  kHz  expected  value.  This  is  due  to  a  slight  misalignment  of  the 
beam  with  respect  to  the  cavity  antinodes,  and  to  the  atomic  beam  size.  The 
value  deduced  from  a  careful  measurement  of  the  beam  position  in  the  cold 
apparatus  is  17(3)  kHz. 

Figure  3  presents  the  central  fringes  for  an  empty  cavity  and  a  cavity 
containing  one  photon  (the  field  calibration  will  be  discussed  later).  The  noise 
on  the  signal  is  mainly  statistical:  only  a  few  atoms  are  detected  for  each 
frequency  channel.  The  thick  line  is  a  fit  on  a  sine  function.  The  precision  on 
the  fringes  position,  obtained  through  this  fit,  is  about  25  Hz,  corresponding 
to  a  5.  10"^°  resolution.  The  daily  stability  of  the  fringe  pattern  is  also  25  Hz. 
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FIGURE  3: Ramsey  fringes  for  a  cavity  containing  zero  or  one  photon.  The  fringes 
dephasing  due  to  the  light  shift  in  the  cavity  is  clearly  apparent 

A  very  careful  screening  of  the  magnetic  field  fluctuations,  down  to  the  10  /xG 
level,  has  been  necessary  to  reach  such  a  stability. 

The  fringes  shift  for  a  one  photon  field  is  315  Hz,  corresponding  to  2^  =  0.6 
rd,  for  5/271"  =  150  kHz.  This  corresponds  to  a  few  pm  displacement  of  the 
atomic  wave  packets  in  the  cavities.  We  checked  the  linearity  versus  field 
intensity  and  the  dispersive  nature  of  the  shift  (proportional  to  1/5).  The 
precision  of  the  fringes  position  determination  allows  us  to  detect  0.1  photon 
fields,  corresponding  to  a  125  fm  retardation  of  the  atom’s  wave  packet! 

With  such  a  sensitivity,  the  Lamb  shift  is  easily  measured.  Figure  4  shows, 
as  open  circles,  the  position  of  the  fringes  versus  5  for  an  empty  cavity.  In  order 
to  interpret  these  data,  two  effects  should  be  taken  into  account.  First,  the 
two  modes  of  the  cavity  contribute  to  the  shift  (for  the  light  shift  experiment, 
the  narrow  bandwith  source  is  coupled  to  a  single  mode).  One  should  also  take 
into  account  the  residual  thermal  field.  The  number  of  blackbody  photons  per 
mode  has  been  found  in  an  auxiliary  experiment  to  be  0.32,  corresponding  to 
a  1.7  K  radiation  temperature.  The  contribution  of  the  light  shifts  induced  by 
this  field  have  been  removed  from  the  raw  data  to  obtain  the  pure  Lamb  shift 
effect,  depicted  by  solid  circles  on  Fig.  4.  The  solid  line  presents  a  fit  on  the 
theoretical  values.  The  only  adjustable  parameter  is  the  atom-field  coupling. 
The  obtained  value,  0  =  16  (0.5)  kHz  is  in  good  agreement  with,  and  more 
precise  than,  the  one  deduced  from  the  beam  position.  It  gives  an  excellent 
and  independant  calibration  of  the  field  in  the  light  shift  experiment. 
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FIGURE  4:Shifts  of  the  fringe  system  in  an  empty  cavity  versus  atom-cavity  detuning. 
Open  circles:  raw  data.  Full  circles:  data  corrected  for  the  residual  thermal  radiation. 
Solid  line:  theoretical  fit. 

Lamb  shifts  are  of  course  well  known,  and  have  been,  in  some  cases,  mea¬ 
sured  with  excellent  precision.  Ordinarily,  however,  they  are  due  to  the  cou¬ 
pling  of  the  atomic  levels  with  a  whole  continuum  of  field  modes.  This  exper¬ 
iment  is,  to  our  knowledge,  the  first  one  which  singles  out  the  effect  of  only 
one  field  mode  and  studies  the  continuous  transition  between  Lamb  shifts  and 
light  shifts. 

QND  MEASUREMENTS  AND  SCHRODINGER 

CATS 

Used  with  a  very  high  finesse  cavity,  our  atomic  interferometer  opens  the 
way  to  a  wide  variety  of  experiments.  The  simplest  one,  in  progress  now,  uses 
the  atom-field  correlations  to  measure,  without  absorption,  the  intensity  of 
a  field  containing  0  or  1  photon  (13).  The  interferometer  is  tuned  so  that 
e  —  7]:/2.  The  fringes  phase  shift  per  photon  is  therefore  tt.  Note  that  this 
corresponds  to  realistic  experimental  parameters  ((5/27r  =  100  kHz,  0/27r  =  25 
kHz  and  a  velocity  of  150  m/s).  By  a  proper  tuning  of  the  atom  (incoming 
in  |e))  is  certainly  found  in  \g)  if  the  cavity  is  empty  (at  least  if  we  assume  a 
perfect  contrast  for  the  fringes).  It  is  also  found  in  \g)  if  the  cavity  contains  an 
even  photon  number.  At  variance,  the  atom  is  found  in  \e)  if  the  cavity  contains 
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odd  photon  numbers.  Assuming  that  the  initial  field  has  a  low  probability  of 
containing  2  or  more  photons  (small  thermal  or  coherent  field),  the  detection  of 
a  single  atom  is  enough  to  pin  down  the  field  intensity  and  to  count  the  photon 
number  (a  small  bunch  of  atoms  would  be  needed  in  an  inperfect  experiment). 

At  variance  with  most  photodetections,  this  measurement  does  not  change 
the  photon  number:  the  nonresonant  atom  cannot  emit  or  absorb  in  the  cavity. 
It  is  therefore  a  Quantum  Non  Demolition  (QND)  measurement  (22).  If  one 
neglects  the  cavity  relaxation,  the  photon  left  in  the  cavity  after  detection  of 
an  atom  in  |e)  will  remain  forever,  and  all  following  atoms  will  exit  the  cavity 
in  |e).  This  correlation  between  repeated  measurements  is  one  of  the  main 
features  of  such  processes  and  can  be  used  to  check  the  QND  character.  Taking 
into  account  cavity  relaxation,  the  photon  has  a  small  chance  to  be  absorbed 
or  diffused  out  of  the  cavity  between  two  measurements.  Assuming  that  the 
sources  are  switched  off,  one  should  observe  a  sequence  of  atoms  in  |e)  (photon 
present)  followed  by  an  infinite  sequence  of  atoms  in  |^)  (cavity  empty).  This 
quantum  jump,  monitoring  in  real  time  the  photon  death,  is  very  reminiscent 
of  the  quantum  jumps  observed  on  the  fluorescence  of  a  single  trapped  ion  (23). 
The  ordinary  quantum  mechanics  prediction  (exponential  decay  of  the  energy) 
is  recovered  only  as  a  statistical  average  over  many  individual  realizations  of 
the  experiment.  Such  features  illustrate  the  properties  of  quantum  mechanics 
applied  to  single  systems,  and  not  to  large  ensembles. 

Let  us  assume  now  that  the  cavity  initially  contains  a  classical  field  with 
amplitude  a,  represented  by  a  Glauber’s  coherent  state  (24)  ja)  = 
with  Cn  =  exp(— |q:P/2)q;^/V^.  The  atomic  index  of  refraction  shifts  tran¬ 
siently  the  cavity  frequency  and  changes  the  field  phase.  With  e  =  7r/2,  an 
atom  in  state  |e)  dephases  the  field  by  7r/2,  changing  the  initial  field  |o;)  into 
1^)  ==  lia).  An  atom  in  state  \g)  has  an  opposite  effect,  changing  |o!)  into 
I  —  ^).  These  phase  shifts  are  at  the  heart  of  the  phase  scrambling  mechanism 
which  explains  how  phase  information  is  lost  in  a  QND  intensity  measurement 
(13).  The  Ramsey  zones  Ri  and  R2  are  set  to  achieve  the  transformations: 
k)  ^  (le)  -  b))/V^  lo)  (b)  T  k))/V^-  The  atom  enters  then  C  in 
state  (|e)  —  \g))l^/2  and  the  atom-field  system  is,  after  the  interaction: 

^(k/3)- Iff. -/?)),  (1) 

where  the  first  symbol  inside  the  kets  refer  to  the  atom,  the  second  to  the 
cavity.  This  is  clearly  an  entangled  atom-field  state.  Performing  at  this  stage 
a  measurement  of  the  atomic  energy  amounts  in  projecting  the  field  state  on 
1/5)  or  \  —  P).  In  such  a  situation,  the  state  of  the  atom  in  the  cavity  is  known, 
and  the  interaction  only  produces  a  classical  phase  shift. 

A  more  interesting  situation  is  obtained  by  scrambling  the  information  on 
the  atomic  state.  This  can  be  achieved  by  sending  the  atom  through  R2,  which 
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mixes  both  levels.  The  final  atom-field  state  is  then: 

\{\e)m-\-P)]-\9)m  +  \-m)-  (2) 

Measuring  the  atomic  energy  projects  the  field  on  one  of  the  states: 

|4-±>  =  1(|^>±  I -/?)),  (3) 

where  A/*  is  a  normalization  factor,  close  to  l/\/2  when  \p\  is  large  enough 
(this  will  be  assumed  in  the  following). 

The  I'l^zb)  states  exhibit  remarkable  quantum  features  (13,  25).  They  are 
quantum  superpositions  of  two  classical  fields  with  opposite  phases.  The  name 
“Schrodinger  cat”  is  often  coined  out  for  such  superpositions  of  macroscopi- 
cally  distinguishable  states,  in  reference  to  the  famous  “paradox”  stated  by 
Schrodinger  (14).  |^+),  for  instance,  corresponding  to  an  atom  detected  in 
1^),  has  no  classical  counterpart:  the  sum  of  two  classical  fields  with  oppo¬ 
site  phases  is  zero.  Moreover,  it  contains  only  even  numbers  of  photons:  the 
odd  photon  numbers  probability  amplitudes  associated  to  the  two  components 
cancel  out.  This  can  be  understood  easily  in  terms  of  the  QND  measurement. 
The  atom  exits  the  interferometer  in  \g)  only  if  the  cavity  contains  an  even 
photon  number.  Detecting  \g)  makes  us  sure  that  no  odd  photon  number  can 
exist  in  the  cavity.  In  a  similar  way,  |4>_)  contains  only  odd  photon  numbers, 
can  be  called  an  “even  cat”,  and  an  “odd  cat”. 

This  peculiar  photon  number  distribution  explains  why  the  “cats”  are  short 
lived.  After  a  time  of  the  order  of  icav/A"  (A  is  the  average  photon  number  in 
the  cat),  relaxation  fills  these  gaps,  and  the  cat  turns  into  a  mere  statistical 
superposition  of  two  fields.  The  larger  the  energy,  the  larger  the  “distance 
betweeen  the  two  “cat  components” ,  the  faster  the  decoherence.  For  macro¬ 
scopic  objects,  the  same  decoherence  occurs  in  times  so  short  that  quantum 
superpositions  are  never  observed.  This  explains  why  the  needle  of  a  detector, 
measuring  a  quantum  system  in  a  coherent  superposition  of  states,  is  never 
found  in  a  quantum  superposition  of  the  corresponding  positions  (26).  With 
the  “cavity  cats”,  the  size  of  the  system  can  vary  continuously  from  micro¬ 
scopic  to  mesoscopic.  A  study  of  the  “relaxing  cat”  is  thus  an  exploration  of 
the  subtle  border  between  the  quantum  and  classical  worlds. 

The  coherent  nature  of  the  “cat”  can  be  revealed  by  the  quantum  interfer¬ 
ence  effects  it  provides  (27).  Let  us  send  a  second  atom,  in  the  same  conditions, 
through  the  cavity,  a  time  T  after  the  first  (which  has  been  detected  in  |^)). 
If  T  <  tcav/A,  this  atom  interacts  with  an  intact  cat,  containing  only  even 
photon  numbers.  It  exits  therefore  the  apparatus  in  |p}.  When  T  ^  Tcav, 
this  atom  crosses  an  empty  cavity,  and  exits  also  in  |c?).  At  variance,  for 
^cav/A  <  T  <  tcav,  the  atom  encounters  a  statistical  superposition  of  coher¬ 
ent  fields,  containing  odd  and  even  photon  numbers.  The  atom  is  then  found 
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in  |e)  or  |p)  with  equal  probabilities.  The  conditional  probability  of  detecting 
two  successive  atoms  in  the  same  state  thus  exhibits  a  fast  variation  around 
T  =  0,  which  reveals  the  decoherence.  Let  us  stress  that  the  orders  of  magni¬ 
tude  for  the  experimental  realization  are  quite  comparable  to  the  ones  for  the 
QND  measurement,  as  long  as  the  “cat”  is  not  too  big. 

TESTS  OF  QUANTUM  NONLOCALITY 

The  states  of  atoms  interacting  with  a  Schrodinger  cat  are  strongly  corre¬ 
lated.  This  feature  can  be  used  to  prepare  triplets  of  correlated  atoms  (11), 
exhibiting  in  a  striking  way  the  nonlocal  properties  of  quantum  mechanics. 

Following  Mermin  (28,  29),  let  us  consider  a  set  of  three  spins  1/2  (eigen¬ 
states  1+)  and  |— )  along  a  quantization  axis  Oz).  The  system  is  prepared,  via 
a  common  interaction,  in  the  entangled  state: 

(l+, +,+>-!-, -.-))/V2.  (4) 

Once  the  spins  have  been  spatially  separated,  a  measurement  of  their  compo¬ 
nents  along  an  axis  Ox^  orthogonal  to  O2,  is  performed.  Quantum  mechanics 
predicts  that  the  product  of  the  three  outcomes,  should  be  equal  to 

—  1.  On  the  other  hand,  any  local  theory,  based  upon  the  concept  of  “elements 
of  reality”  (hidden  variables  theory),  predicts  an  outcome  of  Tl.  There  is  a 
striking  difference  between  the  two  predictions,  and,  at  least  with  an  ideal 
set-up,  a  single  realization  of  the  experiment  would  be  enough  to  confirm  or 
contradict  quantum  mechanics.  This  is  a  much  more  stringent  test  than  the 
ones  based  on  particle  pairs  and  Bell  inequalities  (10),  which  involve  statistics 
performed  on  a  large  number  of  experiments. 

The  question  of  the  preparation  of  the  state  described  by  Eq.  (4)  remains 
to  be  solved.  Our  two  level  atom  can  be  substituted  for  the  spin  1/2,  the  rux 
measurement  being  replaced  by  an  energy  measurement  after  a  proper  7r/2 
microwave  pulse.  Let  the  first  atom  cross  the  cavity  containing  a  coherent 
state  ja).  The  final  atom-field  state  is  given  by  Eq.  2.  It  is  an  entangled  state 
where  \e)  is  correlated  to  an  odd  cat,  \g)  to  an  even  one.  Let  then  a  second 
atom  cross  the  cavity  before  the  first  one  is  detected  (and  before  the  quantum 
coherences  are  washed  out  by  relaxation).  The  final  atoms-field  state  can  be 
guessed  by  simple  arguments.  If  the  first  atom  was  in  |e),  it  leaves  in  the 
cavity  an  odd  cat.  The  second  atom  will  be  also  in  |e),  and  leave  the  same  cat 
(up  to  a  global  phase  rotation  of  7r/2).  Similarly,  if  the  first  atom  is  in  |p),  the 
second  will  be  in  the  same  state,  and  the  field  will  remain  in  a  phase  shifted 
“even  cat”  (phase  rotation  — 7r/2).  The  same  arguments  can  then  be  applied 
to  a  third  atom  crossing  the  cavity  (and  even  generalized  to  a  sequence  of  N 
atoms).  The  final  “three  atoms-f-field  state”  is  thus: 

l[|e,e,e)(|-/?>-|/5))-|s,g,p)(|/?}  +  |-/?)] 
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=  +  |e.e,e»]  +  I  -^)[^(|e,e,e>  -  |s,ff,5))](5) 

In  the  second  line,  we  recognize  two  coherent  states  with  opposite  phases 
entangled  with  correlated  atomic  states  a  la  Mermin  (28).  A  simple  homodyne 
measurement  of  the  field  phase  projects  the  atomic  system  on  one  of  these 
states.  After  the  three  atoms  have  crossed  the  cavity,  a  classical  source  adds 
an  amplitude  -p  to  the  field  already  present  in  the  cavity.  \p)  becomes  then 
|0)  (vacuum)  and  |  -  p)  becomes  |  -  2/3).  A  fourth  atom  is  then  sent  in  the 
cavity.  It  is  prepared  in  state  1^)  and  does  not  interact  with  Ri  and  R2-  Inside 
the  cavity,  a  controlled  Stark  effect  tunes  it  into  resonance  with  the  mode.  If 
the  cavity  is  empty,  it  remains  in  state  |t/).  If  the  cavity  contains  state  |  —  2/3), 
there  is  a  probability  it  will  absorb  a  photon  an  exit  in  state  |e).  A  detection 
in  state  |e)  will  therefore  project  the  other  three  atoms  on  state: 

^(|e,e,e)  -  (6) 

formally  identical  to  the  one  given  in  Eq.(4). 

The  three  atoms  are  then  submitted  to  a  7r/2  pulse  and  detected.  It  is  easily 
shown  that  quantum  mechanics  predicts  an  odd  number  of  atoms  in  state  \g), 
while  classical  arguments  predict  an  even  number.  For  an  ideal  experiment  at 
least,  a  single  measurement  is  enough  to  decide  between  the  two  theories. 

The  experimental  parameters  required  to  perform  this  experiment  are  quite 
similar  to  the  ones  for  the  QND  measurement.  A  coherent  field  with  a  few 
photons  only  is  enough.  The  “cat  coherences”  live  therefore  a  time  of  the 
order  of  tcav,  and  it  is  easy  to  have  three  atoms  crossing  the  cavity  in  a  much 
shorter  time.  The  main  problem  is  to  make  sure  that  exactly  three  atoms  are 
used  (unread  atoms  mess  up  the  parity  measurement).  A  brute  force  solution 
could  be  to  prepare  three  bunches  of  atoms,  each  containing  much  less  than 
one  atom  (say  0.01)  on  the  average.  Only  the  events  yielding  exactly  three 
detections  are  to  be  kept.  The  probability  for  an  unread  atom  is  thus  low 
enough  (3%)  to  observe  the  quantum  correlations.  The  price  to  pay  would  be 
very  long  acquisition  times  (a  few  events  per  day). 


QUANTUM  TELEPORTATION 

Quantum  nonlocality  is  one  of  the  most  striking  predictions  of  modern 
physics.  It  has  been  suggested  to  apply  it  to  quantum  cryptography  (30),  or 
to  quantum  computing  (31).  More  recently,  Bennett  et  ah  proposed  to  use  it 
for  a  “teleportation”  experiment  (32).  The  rule  of  the  game  is  to  transmit  from 
one  “cabin”  Ci  to  a  second  “cabin”  C2,  far  away,  the  unknown  quantum  state 
of  a  spin  1  /2  particle,  a,  entering  Ci.  In  Bennett’s  proposal,  the  two  cabins  are 
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FIGURE  5:  Scheme  of  a  quantum  teleportation  experiment. 


a  correlated  pair  of  EPR  particles.  Two  measurements,  performed  on  a  -j-  Ci, 
give  two  bits  of  information,  and  project  a  spin  b  {C2  itself  in  this  case)  on  a 
state  differing  from  the  initial  one  by  a  unitary  transformation  selected  among 
a  set  of  four.  The  two  bits,  sent  to  C2  through  a  classical  information  channel, 
allow  an  observer  to  perform  the  right  transformation,  and  to  reconstruct 
the  state  of  a,  completing  the  teleportation  scheme.  Bennett’s  paper  did  not 
discuss  the  experimental  realization.  We  have  shown  recently  that  CQED 
allows  the  practical  realization  of  a  teleportation  scheme  (33). 

The  principle  of  the  experiment  is  sketched  in  Figure  5.  Ci  and  C2  are 
two  high-Q  cavities.  Three  atomic  beams  A,  B  and  C  are  used.  An  atom  c 
of  beam  (7,  crossing  the  two  cavities,  correlate  their  quantum  states.  Atom  a 
to  be  teleported  belongs  to  beam  A  and  crosses  C\  only.  The  atom  h  (replica 
of  a)  belongs  to  beam  B  and  crosses  €2-  Various  microwave  zones  are  used 
to  manipulate  the  atomic  states.  The  atoms  are  detected  in  Z>o,  Dt  and  Dc- 
Stark  fields  can  be  used  to  tune  the  atoms  in  resonance,  close  to  resonance 
(dispersive  interaction)  or  completely  out  of  resonance  (no  interaction)  during 
controlled  time  intervals. 

The  first  step  establishes  a  nonlocal  quantum  correlation  between  Ci  and 
C2.  Atom  c  is  prepared  in  state  |e),  and  is  tuned  into  resonance  with  the 
cavities  for  such  durations  that  it  experiences  a  7r/2  pulse  in  Ci  and  a  tt  pulse 
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in  (72-  The  atom  c  +  cavities  system  thus  undergoes  the  transformations: 

|e>|0)i|0)2  ^  T[|e)|o)i|0)2  +  |9>|l>i|0>2l 

^  T[|p)|0)i|l)2  +  |g>|l)i|O>2].  (7) 

where  the  indices  on  field  kets  refer  to  the  cavity  number.  Atom  c  leaves  the 
cavities  in  \g).  Its  detection,  indicating  that  the  teleportation  machine  is  ready 
to  operate,  leaves  the  fields  in  state: 

l'I'c>  =  ^[|0>l|l>2  +  |l}l|0>2].  (8) 

This  is  a  new  type  of  “Schrddinger  cat”,  with  one  photon  in  the  first  or  in  the 
second  cavity,  the  alternative  being  of  quantum  nature  (34,  35).  Note  that, 
since  this  “cat”  contains  a  single  photon,  its  lifetime  is  icav 

The  atom  a  is  prepared,  in  zone  Pa,  in  an  arbitray  combination  of  its 
states,  unknown  to  the  observers:  {(pa)  =  Cel^a)  T  Cg\ga)-  The  initial  state  of 
the  system  “a  +  Ci  -h  C2'  is  the  tensor  product  of  |4^c)  and  {(pa),  which  can  be 
written: 

I'l')  =  ^[l«''^^>(Ce|l)2  +  Cp|0)2)  +  |4''^>)(Ce|l)2-Cj|0>2) 

+  |3-^+>>(c.|0>2  +  Cp|l)2)+|'i>f-)>(Ce|0)2-Cp|l>2)],  (9) 

in  terms  of  the  Bell  basis  (36)  of  the  a  Ci  system: 

I'pf*’)  =  ^(ka)|0>l±|9a)|l).),  (10) 

|$W)  =  ^(|ep)|l)i±|9.)|0)i).  (11) 

Each  Bell  state  appearing  in  Eq.(9)  is  correlated  to  a  superposition  of  0 
and  1  photon  states  in  C2.  Besides  order  and  sign  changes,  the  coefficients  of 
this  superposition  are  the  ones  of  {(pa)-  Measuring  in  which  Bell  state  a  P  Ci 
is,  duplicating  the  state  of  C2  on  atom  b,  and  finally  restoring  the  order  and 
signs  of  the  coefficients  are  enough  to  complete  the  teleportation  scheme. 

To  single  out  one  Bell  state  among  four,  two  atomic  detections  are  neces¬ 
sary.  First,  a  crosses  Ri,  C  and  R2>  It  interacts  dispersively  with  C  and  all 
parameters  are  set  as  for  the  QND  measurement:  the  transfer  rate  from  one 
level  to  the  other  is  maximum  for  an  empty  cavity,  zero  for  a  cavity  containing 
one  photon.  aPGi  experiences  therefore,  during  these  interactions,  the  trans¬ 
formation:  |ea}|0)i  ^  — |pa)|0)i;  |ea)|l)i  ^  -|ea)|l)i;  |5a)|0)i  ^  |eo)|0)i; 
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|5'a)|l)i  ^  |pa)|l)i-  Applying  this  transformation  to  the  Bell  states  of  Eq.(ll), 
one  obtains: 


-|!7a>^(|0)lT|l),), 

(12) 

(13) 

Detecting  the  state  of  a  thus  tells  us  wether  a  +  Ci  was  in  a  ^  or  <J>-type  Bell 
state. 

In  order  to  distinguish  the  two  remaining  possibilities,  a  second  atom  a' 
from  beam  A  is  sent.  It  is  prepared  in  |p),  does  not  interact  with  Ri.  The 
interaction  with  Ci  is  resonant,  and  amounts  to  a  tt  pulse  when  Ci  contains 
a  photon.  The  atom  interacts  then  with  R2,  set  to  perform  a  7r/2  pulse.  The 
a'  T  Cl  system  undergoes  in  Ci  and  R2  successively  the  transformations: 

Mi(io).±ii).)-i(w±w)io),-{  (11) 

The  final  state  of  a'  is  thus  correlated  unambiguously  to  the  sign  in  the  Bell 
states.  Finally,  the  detections  of  a  and  a'  provide  us  with  two  bits  of  informa¬ 
tion,  indicating  in  which  Bell  state  the  a  +  Ci  system  is,  with  the  correspon- 
dances:  ga,ga>  ^  5a,  ea'  ^  ea,5a'  Sa,  Ca'  ^  1^^“^)- 

The  state  of  the  second  cavity  contains  then  all  the  information  needed  to 
reconstruct  |<I>o).  This  state  is  replicated  on  an  atom  b  from  beam  B.  Atom 
6,  prepared  in  |g),  interacts  resonantly  with  C2,  experiencing  a  tt  pulse  in  the 
field  of  one  photon.  The  system  6  T  C2  undergoes  the  transformation: 

(a|l)2  +  /3|0)2)  ®  ^  (a|e6}  +  P\gt,))  ®  |0>2  ,  (15) 

where  a  and  /?  are  both  equal  to  ±Ce  and  dbcp.  The  state  of  b  differs  from  the 
one  of  a  only  by  coefficient  signs  and  permutations.  This  can  be  overcome  by 
applying  in  Ra  an  unitary  transformation  on  6,  selected  among  a  set  of  four 
possible  transformations.  Which  one  is  telled  by  the  two  bits  resulting  from 
the  detection  of  a  and  a',  transmitted  to  R3  by  a  classical  information  channel 
(“wire”  on  Figure  5). 

We  described  here  the  whole  process  as  if  the  detectors  were  perfect.  This 
would  not  be  the  case  in  an  actual  experiment.  We  have  shown  however  (33) 
that,  when  measuring  the  correlations  between  the  state  of  a  and  the  one  of 
b  (determined  by  “polarizer”  Pf,  and  detector  Db),  one  obtains  values  higher 
than  the  ones  predicted  for  non  quantum  correlations  between  Ci  and  (72,  pro¬ 
vided  the  quantum  efficiency  is  high  enough  (>70%).  Like  the  GHZ/Mermin 
experiments,  this  teleportation  scheme  is  a  high  order  correlation  experiment 
displaying  in  a  striking  way  the  nonlocal  properties  of  quantum  mechanics. 
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CONCLUSION 

Long  lived  circular  Rydberg  atoms  coupled  to  superconducting  millimeter 
wave  cavities  offer  unique  possibilities  to  realize  fundamental  tests  of  quantum 
theory.  We  have  shown  experimentally  that  it  is  possible  to  realize  and  study 
these  systems.  The  preservation  of  a  two-level  atomic  coherence  over  a  long 
path  through  the  apparatus,  recent  progresses  on  the  cavities  quality  factors, 
show  that  it  is  possible  to  preserve  this  system  from  relaxation  and  perturba¬ 
tions  for  a  time  long  enough  to  perform  many  fascinating  experiments.  The 
realization  of  a  QND  detection  of  a  single  photon,  the  observation  of  quantum 
jumps  due  to  the  photon  death  are  foreseeable  in  a  near  future,  as  well  as 
the  first  experiments  with  Schrodinger  cats.  With  a  moderate  increase  in  the 
quality  factors,  and  in  experimental  complexity,  tests  of  quantum  nonlocality 
will  also  become  possible. 
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I.  INTRODUCTION 

In  general  terms  the  dynamics  of  open  quantum  systems  can  be  characterized 
by  two  rates  (5,  P)  which  specify,  on  the  one  hand,  the  time  scale  for  the  irreversible 
interaction  of  system  and  environment  and,  on  the  other  hand,  the  time  scale  for 
reversible  evolution  of  the  system  itselfJP^l  Prom  the  perspective  of  the  master 
equation,  the  ratio  rio  =  T^/g^  of  these  two  rates  is  a  natural  scaling  parameter 
which  allows  a  demarcation  between  situations  in  which  dissipation  is  dominant 
{rio  >>1  and  hence  weak  coupling)  and  for  which  manifestly  quantum  dynamics 
come  to  the  fore  {rio  <<1  and  hence  strong  coupling).  In  somewhat  more  specific 
terms,  for  optical  systems  dissipation  is  as  simple  as  the  escape  of  fields  into  an 
external  environment  at  rate  P,  while  reversible  internal  evolution  is  associated 
with  the  mutual  interaction  of  constituents  such  as  an  atom  and  a  high-Q  mode 
of  the  electromagnetic  field  with  coupling  constant  g.  Within  this  context,  optical 
physics  is  carried  out  almost  exclusively  in  a  domain  of  weak  coupling  (g«  P)  for 
which  critical  photon  or  atom  numbers  are  much  greater  than  unity.  For  example, 
a  typical  laser  at  threshold  has  critical  photon  number  y/n^  ~  10^  —  10'^,  while 
an  optical  parametric  oscillator  has  critical  photon  numbers  for  signal  and  idler  of 
order  -  10^ 

A  noteable  exception  to  this  state  of  affairs  can  be  found  in  the  area  of  cav¬ 
ity  quantum  electrodynamics  (CQED),  where  in  recent  years  conditions  for  strong 
coupling  have  been  achieved  in  both  the  optical  and  microwave  domains.  As  illus¬ 
trated  in  Figure  1,  a  two-state  atom  interacts  with  a  single  mode  of  a  resonator  as 
described  by  the  interaction  Hamiltonian 


Hj  =  hg[d-+a-\- a^a-],  (1) 

where  (a,  a+)  are  the  annihilation  and  creation  operators  for  the  field  mode,  a±  are 
Pauli  operators  for  the  atomic  degrees  of  freedom,  and  g  =  {gP'Uol2heoVy^^  is  the 
assumed  dipole  coupling  constant  of  atom  and  field.  In  addition  to  the  coherent 
interaction  specified  by  Hi,  we  must  also  include  coupling  to  external  degrees  of 
freedom  to  describe  the  decay  of  the  cavity  field  at  rate  k,  and  spontaneous  decay 
of  the  atomic  polarization  and  inversion  at  rates  7  =  (7i-!7||)  field  modes  other 
than  the  one  priviledged  cavity  mode.  The  condition  for  strong  coupling  in  this 
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FIGURE  1.  Illustration  of  model  system. The  coherent  interaction  of  a  two-state 
atom  with  a  single  mode  of  a  resonator  is  characterized  by  the  dipole  coupling 
coefficient  g.  Dissipative  interactions  with  the  external  environment  proceed  via 
decay  of  the  cavity  field  at  rate  k  and  of  the  atom  at  rate  7. 

case  is  then  stated  as 

P»(k,7).  (2) 

In  terms  of  dimensionless  parameters,  we  define  No  ^  as  a  critical  atom  num- 

9o 

ber  (with  I /No  as  the  cooperativity  parameter  Ci  per  atom)  and  ruo  = 
a  critical  or  saturation  photon  number,  where  b  depends  upon  the  cavity  geometry 
(b  =  8/3  for  a  Gaussian  standing-wave  mode).  Here  {No,mo)  determine  the  roles 
of  individual  atoms  and  quanta  in  the  system’s  dynamics.  Strong  coupling  requires 
(No,mo)  <<  1  and  means  in  qualitative  terms  that  a  single  atom  can  profoundly 
effect  the  cavity  characteristics  and  the  field  associated  with  even  a  fraction  of  a 
quantum  can  saturate  the  atomic  response.  In  fact  in  a  domain  of  strong  coupling, 
it  is  not  appropriate  to  view  the  atom  and  cavity  field  as  individual  entities,  but 
rather  one  must  consider  the  dynamics  of  the  composite  system. 

To  date,  strong  coupling  has  been  demonstrated  in  three  experiments,  with  the 
parameter  sets  (p,7,«)  that  have  been  achieved  summarized  in  Table  1.  Since  all 
of  these  experiments  have  employed  atomic  beams,  the  interaction  time  is  deter¬ 
mined  by  the  transit  time  T^,  with  the  value  of  gTo  also  of  great  importance.  For 
example,  for  resonant  phenomena  as  in  the  one-atom  maser, the  condition  for 
repeated  Rabi  nutations  with  m  =  1  intracavity  excitation  is  gTo  »  27r.  Likewise, 
the  scheme  for  quantum-state  synthesis  as  described  in  Ref.  [12]  employs  adiabatic 
passage  with  the  vacuum  and  requires  that  gTo  >>  1.  Beyond  the  case  of  resonant 
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TABLE  1. 


Experiments  with  strong  coupling 

Group 

a;/27r 

1^ 

Walther  et  ai,  Ref.  [7,8] 

21.5  GHz 

7  kHz 

0.4  Hz 

500  Hz 

0.7  TT 

Haroche  et  al.,  Ref.  [9,10] 

51.1  GHz 

17  kHz 

40  kHz 

5  Hz 

0.9  TT 

Kimble  et  al,  Ref.  [5,11] 

353  THz 

7.2  MHz 

0.6  MHz 

5  MHz 

4.3  TT 

0.43  TT 

interaction,  the  dispersive  regime  (atom-cavity  detuning  A  =  (Uc  -  cu a)  »  9) 
has  also  been  considered  and  should  give  rise  to  a  wealth  of  new  phenomena,  such 
as  atom-cavity  phase  shifts  for  quantum  measurement  via  atom  interferometryJ^’^®^ 
Here,  transit  of  a  ground-state  atom  through  a  cavity  mode  with  one  quantum  of  ex¬ 
citation  is  accompanied  by  a  phase  shift  <p  =  g^To! A,  where  now  0  is  required  to  be 
of  order  2-k  for  appreciable  effects.  Similarly,  quantum  measurements  of  field  statis¬ 
tics  via  atomic  deflections  in  a  dispersive  regime  have  also  been  discussed. 

Values  for  gTo  as  well  as  for  0  =  g'^To/ A  (with  A  =  lOp)  are  given  in  Table  1  for 
the  various  experiments. 

With  reference  to  the  table,  note  that  the  work  in  the  microwave  domain  as  in 
the  groups  of  Professor  Walther  in  Garching  and  Professor  Haroche  in  Paris  utilizes 
the  large  dipole  moments  of  Rydberg  atoms  in  high-Q  superconducting  cavities 
and  has  the  distinct  advantage  of  relatively  small  damping  rates  («;,7)  relative 
to  g.  On  the  other  hand,  the  time  to  reach  steady  state  is  usually  much  longer 
than  the  typical  transit  time  To,  so  that  steady  states  are  reached  as  the  result 
of  many  individual  atomic  transits  [g  >  T~^  >  (/^,7)1'  As  well  the  energy  scale 
hg  is  itself  small  when  compared  to  atomic  kinetic  energies  {hg/ks  ~  IgiK).  By 
contrast  since  about  1980,  our  experiments  in  the  optical  domain  have  exploited 
dipole  transitions  of  alkali  atoms  in  very  high  finesse  cavities,  with  the  progress  of 
this  work  over  the  intervening  years  documented  in  Figure  2.  Although  we  have  not 
yet  obtained  comparably  small  values  for  (No,  mo)  as  in  the  microwave  domain,  we 
have  nonetheless  achieved  a  situation  of  strong  coupling  for  steady-states  reached 
in  the  transits  of  individual  atoms  [g  >  (k, 7)  >  T~^].  Also  note  that  the  actual 
energy  scale  hg  in  our  work  can  be  much  larger  than  that  associated  with  the  kinetic 
temperature  of  laser  cooled  atoms  (hg/kB^^OOfiK)  and  that  the  intracavity  field  is 
directly  accessible  as  an  emitted  Gaussian  beam  for  photon  counting  or  heterodyne 
detection.  Beyond  the  brief  overview  provided  in  Table  1,  more  extended  discussions 
by  each  of  the  three  groups  that  have  achieved  strong  coupling  can  be  found  in  a 
recent  review. 

Prom  a  somewhat  broader  perspective,  although  conditions  appropriate  for 
strong  coupling  have  been  demonstrated  in  the  realm  of  cavity  QED,  research  on 
related  fronts  is  being  actively  pursued  and  is  represented  by  other  contributions 
to  the  1994  ICAP.  For  example,  while  cavity  QED  centers  on  the  coupling  of  the 
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FIGURE  2, Progress  of  our  group  in  the  pursuit  of  strong  coupling  for  which  the 
critical  atom  and  saturation  photon  numbers  (No,mo)  «  1.  The  relevant  liter¬ 
ature  citations  are  discussed  in  Ref.  [5].  The  point  marked  with  an  asterisk  is 
a  projection  based  upon  cavity  QED  with  optical  whispering  gallery  modes  as 
discussed  in  Section  III. 
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electromagnetic  field  (photons)  to  the  internal  degress  of  freedom  of  an  electronic 
transition  in  an  atom,  it  should  be  possible  to  explore  related  phenomena  for  the 
coupling  of  the  center  of  mass  motion  of  a  bound  ion  (phonons)  to  either  a  spin  (by 
employing  a  magnetic  field  gradient)  or  to  an  electronic  transition  (by  utliliz- 
ing  an  electric  field  gradient)  Likewise,  although  parametric  processes  such  as 
sub/second  harmonic  conversion  via  have  been  encountered  experimentally  ex¬ 
clusively  in  a  domain  of  weak  coupling,  Agarwal^^^^  has  recently  considered  a  regime 
of  strong  coupling  between  two  field  modes  of  frequencies  (a;,  2uj)  and  has  predicted 
a  coupling-induced  mode  splitting  analogous  to  that  in  the  atom-cavity  system. 

Given  this  brief  introduction  to  optical  physics  with  strong  coupling,  our  intent 
in  subsequent  sections  is  to  describe  in  somewhat  more  detail  the  research  activities 
of  the  Quantum  Optics  Group  at  Caltech  in  this  area.  In  particular,  we  begin 
in  Section  II  with  a  discussion  of  our  direct  spectral  measurements  of  the  normal¬ 
mode  structure  of  the  atom-cavity  system  (the  so-called  “vacuum  —  Rabi”  splitting) 
and  of  the  nonlinear  modification  of  this  structure  with  only  m  ~  0.1  intracavity 
photons.  In  Section  III  we  next  turn  to  consider  our  work  with  quartz  microspheres 
for  which  we  have  demonstrated  cavity  Q  ^  2.5  x  10®  and  where  the  prospects 
thus  seem  quite  promising  for  achieving  large  values  of  g  relative  to  («,  7).  We 
as  well  suggest  exploiting  the  spheres  for  binding  atoms  in  stable  orbits  around 
an  optical  resonator  and  for  QND  measurement  of  photon  number.  Here  the  goal 
is  to  find  a  meeting  ground  between  cavity  QED  and  laser  trapping  and  cooling 
(that  is,  between  the  quantization  of  internal  and  external  degrees  of  freedom  of  the 
atom-cavity  system).  Against  this  backdrop  of  current  and  projected  experimental 
capability,  we  then  describe  in  Section  IV  a  theoretical  proposal  for  the  synthesis 
of  arbitrary  quantum  states  of  the  electromagnetic  field  based  upon  transfer  of 
Zeeman  coherence  from  an  atom  to  the  cavity  via  adiabatic  passage.  Section  V 
presents  a  brief  discussion  of  the  relationship  of  the  physics  of  strong  coupling  to 
quantum  computation.  Finally,  in  Section  VI  we  step  back  from  the  nonperturbative 
to  the  perturbative  regime  in  cavity  QED  to  discuss  our  attempts  to  make  a  “one¬ 
dimensional”  atom  which  is  then  strongly  coupled  to  squeezed  light  from  an  external 
source.  The  objective  here  is  to  investigate  the  fundamental  alteration  of  atomic 
radiative  processes  in  the  presence  of  fields  of  manifestly  quantum  or  nonclassical 
character. 

II.  NONLINEAR  SPECTROSCOPY  WITH  0.1  PHOTONS 

The  interaction  of  an  atom  with  a  single  mode  of  the  field  leads  to  modifications 
of  both  the  atomic  radiative  processes  and  of  the  cavity  characteristics.  For  weak 
coupling  with  g  <<  (^,7),  a  perturbative  description  suffices  and  the  atom  and 
cavity  maintain  individual  identities.  However,  for  strong  coupling  with  g  » 
(k,7)  the  system  must  be  described  in  terms  of  the  structure  and  dynamics  of  the 
composite  atom-cavity  entity.  Indeed,  one  of  the  most  striking  characteristics  in 
the  domain  of  strong  coupling  is  a  normal-mode  splitting  variously  refered  to  as  the 
“vacuum-Rabi”  or  “Jaynes-Cummings”  splitting. The  origin  of  this  structure 
is  familiar  from  the  physics  of  simple  coupled  oscillators and  follows  immediately 
either  from  the  eigenvalues  X±  of  the  interaction  Hamiltonian  of  Eq.  (1)  (suitably 
generalized  to  include  damping)  or  from  the  Maxwell-Bloch  equations  in  the  limit 
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of  weak  excitation For  the  case  of  coincident  atomic  and  cavity  resonance 
frequencies  {A  =  0),  explicitly  we  have 


where  we  now  consider  a  collection  of  Ns  two-state  atoms  distributed  at  various 
sites  j  within  the  cavity  mode  function  ipif)  with  coupling  g(fj)  =  In 

the  strong  coupling  regime,  Eq.(3)  leads  to  a  normal-mode  splitting  given  approx¬ 
imately  by  ImA±  =  g^/N,  with  N  defined  as  the  effective  intracavity  atomic  num¬ 
ber;  N  =  analogy  with  radiative  frequency  shifts  associated  with 

the  perturbative  coupling  of  an  atom  to  many  modes  of  the  electromagnetic  field, 
note  that  this  coupling-induced  structure  in  the  nonperturbative  regime  might  be 
termed  a  “Lamb  splitting”.  Likewise,  an  interpretation  associated  with  a  Rabi 
splitting  induced  by  the  rms  vacuum  field  could  be  offered.  However,  we  have  re¬ 
peatedly  emphasized  that  this  phenomenon  is  more  simply  understood  in  terms  of 
the  normal-mode  structure  of  coupled  oscillators.  Furthermore,  this  interpretation 
of  the  eigenvalues  of  coupled  oscillators  is  equally  valid  for  nonzero  detuning  with 
A  ^  Oy  where  alternative  descriptions  of  the  atom-cavity  structure  can  be  couched 
in  more  sophisticated  terms  (such  as  of  cavity- induced  Lamb  shifts). This  per¬ 
spective  is  elaborated  both  theoretically  and  experimentally  in  our  previous  work 
in  which  we  documented  the  detuning  dependence  of  the  eigenvalue  structure  for 
the  atom-cavity  system. 

In  somewhat  more  operational  terms,  the  arrangement  that  we  have  employed 
for  investigations  of  the  structure  of  the  atom-cavity  system  is  as  depicted  in  Fig. 
3.  The  basic  measurement  strategy  is  that  of  heterodyne  spectroscopy,  where  the 
transmission  of  a  weak  probe  beam  is  recorded  as  a  function  of  the  frequency  Q.  of 
the  probe. An  example  of  such  a  transmission  spectrum  in  the  weak-field  limit 
is  given  in  Fig.  4  for  A"  =  1.1  atom,  with  Q  =  0  being  the  position  of  the  common 
atom-cavity  resonance  in  the  absence  of  coupling.  Note  that  the  ordinate  is  nor¬ 
malized  in  terms  of  the  intracavity  photon  number  rrip  associated  with  the  probe 
beam,  with  the  requirement  of  weak-field  being  that  rrip  =  0.02  «  rrio  -  0.15 
photons.  The  two-peaked  structure  evidenced  in  Fig.  4  occurs  a,t  Q  ^  ±g  and  is 
due  to  the  dominance  of  coherent  coupling  g  over  dissipation  (k,7).  The  measure¬ 
ment  in  Fig.  4  together  with  our  previously  reported  work  with  somewhat  smaller 
coupling  represent  the  only  direct  observations  of  the  “vacuum-Rabi”  splitting  for 
N  —  I  atom  and  m  <  1  photon.  From  the  perspective  of  the  energy  spectrum,  the 
measurements  are  the  first  to  resolve  directly  the  lowest  lying  excited  states  of  the 
coupled  atom-cavity  system.  We  emphasize  that  the  result  of  Fig.  4  is  taken  in  the 
weak-field  limit  and  is  thus  independent  of  the  strength  of  the  probe  beam;  increas¬ 
ing  or  decreasing  the  probe  power  results  only  in  an  overall  scaling  of  the  ordinate. 
The  spectrum  thus  reflects  the  underlying  structure  of  the  composite  atom-cavity 
system,  independent  of  whether  this  structure  is  attributed  to  a  vacuum-field  in¬ 
duced  effect^^^’^^J  or  to  a  normal-mode  splitting^^®""^®!  or  to  linear  dispersion  theory 
with  the  atom  serving  as  a  microscopic  dielectric.^^’^*^’^^^ 

Whatever  one’s  favorite  interpretation,  the  frequency  scale  in  Figure  4  is  asso¬ 
ciated  with  a  position-dependent  energy  (and  hence  a  force)  via  the  dependence 
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FIGURE  3.  Schematic  of  the  principal  elements  in  our  cavity  QED  experiments. 
The  central  component  is  the  high  finesse  cavity  formed  by  the  mirrors  {Mi,  Mo) 
through  which  a  well-collimated  and  optically  pumped  beam  of  atomic  Cesium 
passes.  Various  signal  inputs  excite  and  probe  the  atom-cavity  system.  The 
transmission  of  these  fields  is  recorded  by  heterodyne  detectors  operated  in  a 
balanced  mode.  Locking  of  the  ’’empty-cavity”  resonance  (no  atoms)  is  accom¬ 
plished  by  an  auxilliary  beam  and  detector  in  a  chopped  sequence. 


of  the  coupling  coefficient  g{f)  on  position  in  the  cavity  mode.  The  energy  scale 
in  terms  of  temperature  for  this  dependence  is  indicated  on  the  spectrum  by  a  bar 
corresponding  to  100  /iK  (recall  that  the  Doppler  cooling  limit  for  Cs  is  125  /zK). 
The  larger  magnitude  of  the  normal-mode  splitting  relative  to  the  temperature  bar 
hopefully  serves  to  emphasize  the  point  of  the  potential  for  coupling  the  internal 
degrees  of  freedom  of  the  atom-plus-cavity  field  to  the  external  degrees  of  freedom  of 
the  atomic  center-of-mass  motion.  Variations  \ng{f)  can  lead  to  significant  changes 
in  potential  energy  for  the  center-of-mass  motion,  with  the  interplay  of  external  and 
internal  degrees  of  freedom  affected  at  the  scale  of  the  vacuum  field  itself. 

With  this  quantitative  footing  in  the  realm  of  linear  spectroscopy,  we  next  move 
to  explore  nonlinear  spectroscopy  of  the  atom-cavity  system.  The  procedure  is  now 
that  of  pump-probe  spectroscopy  with  the  addition  of  an  “intense  pump  beam 
of  fixed  frequency.  An  example  of  our  measurements  in  this  case  is  presented  in 
Fig.  5,  which  displays  two  transmisison  spectra.  Curve  (i)  is  taken  with  the  pump 
beam  turned  on  with  the  frequency  Dpump  set  to  match  the  location  of  the  upper 
peak  and  with  an  intensity  that  produces  an  intracavity  photon  number  rnpump  - 
0.1  photons.  The  modification  of  the  weak- field  spectrum  for  the  probe  beam  due 
to  the  pump  beam  is  quantified  by  the  difference  spectrum  Curve(ii),  which  is  the 
difference  between  Curve  (i)  (pump  on)  and  the  trace  in  Fig.  (4)  (pump  off).  Since 
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FIGURE  4.  Transmission  spectrum  with  N  ~  1.1  intracavity  atoms  as  a  function  of 
probe  frequency  Q,  with  the  transmission  normalized  in  units  of  intracavity  photon 
number  rrip  for  the  probe  beam.  The  two  broad  peaks  represent  a  normal-mode 
(or  vacuum-Rabi)  splitting  for  the  atom-cavity  system.  The  position  of  the  common 
atom-cavity  resonance  (A  =  0)  In  the  absence  of  coupling  is  n  =  0,  as  calibrated 
by  the  sharp  peak  at  this  position  (which  is  othenwise  of  no  significance).  The 
spectrum  is  taken  with  weak  excitation  (mp  =  0.02  photons)  so  that  the  structure 
evidenced  is  independent  of  probe  power.  The  bar  indicates  a  frequency  change 
equivalvant  to  a  change  in  energy  of  1 00/iK. 


probe  frequency  O  [MHz] 


FIGURE  5.  Transmission  spectrum  as  in  Figure  4  but  now  with  the  addition  of 
a  pump  field  (curve  (i)).  The  intensity  of  the  pump  Is  such  that  there  are  only 
mpump  -  0.1  intracavity  photons,  yet  there  is  an  appreciable  change  in  the  probe 
transmission  (curve(ii)).  The  frequency  of  the  pump  field  is  npump=  7.5  MHz 
corresponding  to  the  center  of  the  upper  peak  in  Fig.  4. 
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for  a  linear  system  the  probe  response  would  be  independent  of  the  pump  (except 
of  course  at  ^probe  =  Hpump),  Curve  (ii)  represents  a  nonlinear  “susceptibility”  for 
the  atom-cavity  system  with  a  characteristic  scale  for  the  nonlinearity  of  only  about 
0.1  intracavity  photons. 

Beyond  the  data  presented  in  Figures  4  and  5,  we  have  also  made  extensive 
measurements  of  nonlinear  spectra  over  a  range  of  intracavity  pump  photon  numbers 
at  fixed  intracavity  atomic  number  N  to  investigate  the  intensity  dependence  of 
the  nonlinear  repsonse.  We  have  as  well  varied  N  to  explore  the  transition  from  a 
quantum  (iV  ~  1  atom)  to  a  semiclassical  domain  (TV  >>  1  atoms)  for  the  structural 
characteristics  of  the  atom-cavity  system,  Much  of  our  effort  has  been  directed 
toward  the  identification  of  a  “quantum  anharmonicity”  in  the  nonlinear  response 
due  to  the  nature  of  the  anharmonic  level  spacing  of  the  Jaynes-Cummings  ladder  of 
states  (i.e.  the  eigenstates  associated  with  Hj  in  Eq.[l]).  This  program  of  research 
is  being  carried  out  in  collaboration  with  Professor  H.  J.  Carmichael,  whose  group  is 
generating  theoretical  spectra  by  way  of  numerical  simulations  involving  quantum 
trajectories. 

Apart  from  “structural”  issues  as  in  our  spectroscopic  studies,  we  have  also  pur¬ 
sued  a  program  of  research  aimed  at  exploring  dynamical  aspects  of  the  atom-cavity 
system  and  in  particular  of  manifestly  quantum  features  in  the  strong-coupling 
regime.  Towards  this  end,  we  have  reported  observations  of  photon  statistics  which 
display  the  nonclassical  effects  of  photon  antibunching  and  sub-Poissonian  photon 
statistics.f^^^  Most  importantly,  we  have  observed  that  the  magnitude  of  these  effects 
is  largely  independent  of  intracavity  atomic  number  as  N  increases,  in  agreement 
with  theory  in  the  strong-coupling  domain^^"^].  By  contrast,  the  usual  quantum  sta¬ 
tistical  theories  of  this  effect  are  carried  out  in  a  domain  of  weak  coupling  and  rely 
on  system-size  expansions  for  which  nonclassical  effects  such  as  we  have  observed 
diminish  as  1/NS^^  Our  measurements  have  thus  identified  one  modest  avenue  by 
which  a  “small”  quantum  system  can  grow  into  a  “large”  system  without  the  loss  of 
quantum  character  that  is  usually  dictated  by  the  scaling  laws  for  weakly  coupled 
systems.  It  is  interesting  to  note  that,  while  on  the  one  hand  the  quantum  charac¬ 
teristics  in  structural  terms  are  evidently  lost  with  increasing  TV,  on  the  other  hand, 
certain  manifestly  quantum  properties  associated  with  the  system’s  dynamics  per¬ 
sist  and  can  be  traced  precisely  to  the  fact  that  the  critical  atom  number  <  1. 
For  a  strongly  coupled  system,  the  dynamical  processes  associated  with  individual 
atoms  and  quanta  cannot  be  scaled  away,  but  can  have  profound  consequence  for 
the  system’s  evolution  even  for  (A,  m)  >>  1.  Our  work  in  cavity  QED  thus  offers 
strong  support  for  a  belief  that  there  is  much  to  be  learned  about  the  quantum- 
classical  interface  through  the  study  of  open  quantum  systems  in  a  regime  of  strong 
coupling. 


III.  ATOM  GALLERIES  FOR  WHISPERING  ATOMS 

In  terms  of  future  prospects  for  cavity  QED  in  the  optical  domain,  there  are  a 
variety  of  measurements  that  would  benefit  from  a  longer  storage  time  for  the  cavity 
field.  The  general  feature  of  such  measurements  is  atomic  transit  on  a  relatively 
short  time  scale  with  gTo  »  1  and  <<  1,  with  the  interaction  of  atom  and 
cavity  having  produced  a  mutual  (and  perhaps  entangled)  change  of  state.  Of 


H.  J.  Kimble  et  aL  323 


course  information  encoded  in  atomic  hyperfine  levels  can  have  a  very  long  lifetime 
and  is  ammenable  to  interrogation  by  various  techniques.  On  the  other  hand,  the 
combination  of  lifetime  and  transit  time  for  our  current  cavities  is  hard  pressed  to 
satisfy  the  condition  kTo  <<  1.  Our  next  generation  cavities  for  which  we  have 
demonstrated  fineese  1.9  x  10®  offers  good  prospectsl^®^,  but  it  seems  wise  to  search 
for  new  technical  avenues. 

One  very  attractive  possibility  for  increasing  both  the  coherent  coupling  g  and 
the  cavity  lifetime  is  an  optical  resonator  formed  from  a  quartz  microsphere,  as  has 
been  pioneered  by  Braginsky  and  co-workers. The  “whispering  gallery”  modes 
of  these  resonators  can  have  very  high  quality  factors  Q.  In  collaboration  with 
Professor  Braginsky’s  group,  we  have  demonstrated  Q~  2.5  x  10^, with  similarly 
high  values  recorded  in  Moscow  and  Paris. With  regard  to  cavity  QED,  the 
general  idea  is  to  couple  an  atom  to  the  external  “evanescent”  field  of  a  whispering 
gallery  mode  for  a  quartz  sphere  of  radius  10  <  a  <  500/2m.  Although  the  field 
external  to  the  sphere  is  much  smaller  than  the  field  circulating  inside  the  quartz 
dielectric  (as  illustrated  in  Figure  6),  the  small  mode  volume  means  that  large  values 
of  g  can  nonetheless  be  obtained.  Quantitative  values  for  the  coupling  coefficient 
g  for  an  atom  interacting  with  the  external  field  of  a  whispering  gallery  mode  are 
given  in  Ref.  [37]  as  a  function  of  size  parameter  x  =  27ra/A,  with  a  as  the  sphere’s 
radius  and  A  as  the  free-space  wavelength.  These  calculations  indicate  that  it  may 
be  possible  to  have  g{a)/^x  ~  50  near  the  surface  of  very  small  spheres  (a  ~  10//m), 
with  similarly  large  values  g{a)/K  50  for  Q  =  2  x  10^.  Furthermore,  if  Q  =  10^^ 
could  be  achieved  (as  projected  in  Ref. [36]),  one  would  have  g/K^lO^.  In  such  a 
domain  of  strong  coupling,  an  atom  interacting  with  the  external  evanescent  field 
could  repeatedly  absorb  and  reemit  a  circulating  photon,  which  is  a  situation  that 
we  have  dubbed  a  “whispering  atorn’’.^^’^! 

Beyond  the  perspective  of  cavity  QED  per  se,  there  are  also  exciting  possibilities 
for  exploiting  the  external  fields  of  optical  whispering  gallery  modes  for  confining 
atoms  in  stable  orbits  around  the  microsphere. We  have  previously  presented 
an  explicit  scheme  utilizing  dipole-forces  for  an  atom  with  a  three-level  “Vee”  con¬ 
figuration  to  generate  a  toroidal  atom  trap  (which  we  term  an  “atom  gallery”), 
and  there  appears  to  be  a  variety  of  other  avenues  for  binding  atoms  in  orbit. 
The  confinement  of  atoms  in  this  fashion  also  suggests  the  possibility  of  an  atomic 
(matter-wave)  resonator  with  atoms  confined  with  position  uncertainty  Ax  around 
the  equator  of  the  sphere  which  is  comparable  to  the  circumference  of  the  sphere 
{Ax  ~  27ra)  and  with  the  associated  prospect  of  de  Broglie  resonance  phenomena. 

Thus,  quartz  microspheres  appear  to  have  sufficient  potential  for  diverse  in¬ 
vestigations  in  optical  physics  to  warrant  a  serious  experimental  effort.  In  general 
terms,  the  prospects  can  be  divided  into  those  associated  with  (i)  cavity  QED  with 
strong  coupling  (“whispering  atoms”),  (ii)  confinement  of  the  atomic  center-of-mass 
motion  (“atom  galleries”),  and  (iii)  phenomena  at  the  intersection  of  these  two  areas 
which  involve  the  mechanical  consequences  of  strong  coupling.  Some  sense  of  the 
nature  of  opportunities  in  the  latter  category  is  provided  by  the  fact  that  the  dipole 
force  for  a  single  photon  circulating  in  a  20  ^m  sphere  (with  A  =  lOg)  can  provide 
the  centripetal  acceleration  for  a  Cs  atom  with  an  orbital  kinetic  energy  of  20  mK! 
In  terms  of  scattering  instead  of  binding,  we  t^®^  (and  independently  Treussart  et. 
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FIGURE  6.  Intensity  Ip  of  the  radial  electric  field  for  a  whispering  gallery  mode 
[TM145,  l=m  in  the  equatorial  plane]  as  a  function  of  radius  p  for  a  microsphere  of 
radius  17/im  (A  =  Ipm).  We  propose  cavity  QED  experiments  by  coupling  atoms 
to  the  evanescent  component  external  to  the  sphere. 


have  recently  analyzed  the  possibility  for  quantum  nondemolition  detection 
of  single  photons  by  deflection  from  the  fields  of  a  microsphere  or  other  open  di¬ 
electric  resonators.  For  these  examples,  it  is  important  to  include  the  nonresonant 
modifications  of  line  widths  and  positions  due  to  the  close  proximity  of  the  atom  to 
the  dielectric  sphere,  as  has  been  recently  considered  by  Jhe  and  Kim.f'^^l  Finally, 
for  comparison  with  Table  1,  note  that  the  parameter  gTo  =  IStt  for  a  sphere  with 
a  =  18pm  and  for  an  atom  with  velocity  v  =  30m/s,  while  hg/ks  —  3  mK. 

IV.  QUANTUM  STATE  SYNTHESIS 

Over  the  past  year  and  a  half,  Professor  P.  Zoller  and  his  colleagues  at  JILA  and 
our  group  at  Caltech  have  developed  and  are  working  to  implement  an  exciting  new 
idea  for  the  synthesis  of  quantum  field  states  of  the  form  |</>)  =  Cm\m)Fj  where 
\m)F  are  Fock  states  for  a  single-mode  field  and  the  Cm  can  be  chosen  experimentally 
with  flexibility  and  broad  lattitude.I^^l  To  understand  the  basic  idea,  consider  the 
setup  shown  in  Fig. 7  where  an  atom  passes  through  the  fields  of  a 
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Cavity 


FIGURE  7.  Proposed  scheme  for  Fock-state  generation  via  adiabatic  passage 
as  discussed  in  the  text.  The  direction  of  propagation  of  the  pump  laser  is  per¬ 
pendicular  to  the  page.  Note  that  the  scheme  can  be  extended  for  the  transfer 
of  Zeeman  coherence  from  multiple  ground  states  to  the  cavity  field,  and  hence 
provides  an  avenue  for  generating  general  superpositions  of  Fock  states. 


resonant  (quantized)  cavity  and  of  a  classical  (coherent-state)  pump  laser.  The 
cavity  is  initially  in  the  vacuum  state  |0)f  and  the  atom  is  initially  in  the  ground 
state  \1-)a  as  indicated.  In  its  transit  through  the  cavity,  the  atom  sees  two  pulses, 
translated  in  time  somewhat  but  nonetheless  overlapping.  We  assume  that  the  clas¬ 
sical  field  is  coupled  to  the  \1-)a  ^  l^t)^  transition,  while  the  quantized  cavity  field 
is  coupled  with  coefficient  ^4.  to  the  \1+)a  ^  |w)a  transition.  By  diagonalizing  the 
Jaynes-Cummings  Hamiltonian  for  this  system  (similar  to  Eq.  (1)),  it  is  straight¬ 
forward  to  show  that  the  initial  state  as  chosen  is  the  so-called  “dark”  dressed  state 
and  that  this  state  evolves  continuously  into  the  final  state  shown,  which  is  a  state 
with  1  photon  in  the  cavity  mode  and  with  the  atom  in  the  ground  state  |/+)a- 
Note  that  throughout  the  transit,  the  system  remains  in  the  dark-state  (which  is 
a  superposition  of  \1-)a  and  \1-\-)a)  and  that  the  amplitude  for  the  excited  state 
is  zero.  Hence  one  atom  in  transit  produces  the  change  |0)f  — ^  |l)i?  for  the  in¬ 
tracavity  field.  More  generally,  the  initial  state  \1-.)a{1-\  <8)  Pf  is  transformed  into 
a  final  state  for  which  the  atom  leaves  the  cavity  in  state  \1+)a  with  probability 
one  and  for  which  the  cavity  photon  distribution  is  shifted  by  exactly  one  photon. 
Note  that  this  process  involves  adiabatic  passage  “via  the  vacuum  state”  and  that 
passing  exactly  N  atoms  through  the  cavity  gives  an  JV-photon  Fock  state  for  an 
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initial  vacuum  state  |0)f- 

These  ideas  can  be  generalized  to  the  situation  of  a  transition  of  the  form 
•/lower  •/upper  =  •/lower  “I-  In  this  case  WB  assume  for  example  <7+  transitions 
driven  by  a  classical  field  and  tt  transitions  coupled  to  a  (quantized)  cavity  mode. 
The  family  of  dark  states  for  this  circumstance  can  be  computed  by  suitable  diago- 
nalization.  For  an  atom  initially  in  the  state  \mi  =  ~Ji  4-  k)A  (A:  =  0, 1,  ...2,  Ji  -  1) 
and  with  the  cavity  field  initially  in  a  vacuum  state,  we  have  a  final  state  for  the  atom 
\mi  =  Ji  —  1)a  (independent  of  k)  and  for  the  field  the  state  |2 —  1  —  /c)ir.  Thus  the 
choice  k  for  the  initial  Zeeman  substate  determines  the  photon  number  for  the  final 
state  of  the  cavity  field.  An  immediate  extension  is  to  inject  atoms  not  in  a  single 
Zeeman  state  but  in  a  coherent  superposition  of  the  form  \'tp)A  =  ^rni^rni\Tni)A- 
In  this  case,  for  a  cavity  initially  in  a  vacuum  state,  the  total  final  state  will  be 
\Ji  —  1)a  ^  cj,_i_n|n)i?,  where  now  the  coefficients  c  specify  the  (complex) 

weights  of  the  Fock  states  \n)p  =  \  Ji  -  I  -  mi)p.  A  trace  over  the  atomic  state 
\Ji  —  1)a  then  leaves  a  general  field  state  ^  cji-i-n\n)p  that  has  been  synthe¬ 
sized  from  the  initial  choice  of  Zeeman  coherences.  We  can  thus  generate  “arbitrary” 
quantum  states  for  the  intracavity  field,  with  the  caveat  that  the  maximum  photon 
number  is  set  by  2Ji  —  1.  Note  that  the  scheme  is  reversible,  so  that  it  offers  a 
powerful  new  possibility  for  quantum  measurement  of  optical  fields. 

Of  course  this  discussion  must  be  extended  to  include  both  atomic  and  cavity 
damping.  Atomic  decay  plays  no  significant  role  since,  for  a  broad  range  of  con¬ 
ditions,  the  atom  remains  in  the  dark  state  throughout  its  transit  with  negligible 
excited  state  population  and  hence  no  spontaneous  emission.  The  principal  condi¬ 
tions  for  successful  field-state  generation  are  in  the  form  of  the  following  inequalities 
(note  that  no  precise  pulse  areas  are  required): 

gT  »  1  (pT  ~  12)  {A<gT<  22} 

<1  («T  ~  1)  {0.08  <  kT  <  0.42}.  (4) 

Parenthetically  ()  we  have  indicated  the  various  products  for  our  Cesium-  system 
listed  in  Table  1  and  described  in  Section  11.  Some  indication  of  the  possibilities  for 
improvement  are  indicated  in  the  final  column  in  brackets  {}  where  we  assume  a 
cavity  of  length  I  =  100/im,  finesse  ^  =  1  x  10^ and  mirrors  of  radii  R  =  Im, 
leading  to  the  parameter  set  [g,  7j.,  «]/27r  =  [18,  2.5,  0.33]MHz.  We  further  assume 
that  the  transit  time  T  =  2uo/v  can  be  controlled  over  the  range  3.4  x  10“®s  <  T  < 
1.7  X  10“^5  by  seeding  the  Cs  beam  into  a  Helium  carrier  gas  in  a  supersonic  nozzle, 
which  has  the  added  advantage  of  reducing  the  dispersion  in  transit  times.  Exact 
solutions  of  the  quantum  master  equation  for  various  Ji  — >  Ju  transitions  have 
been  computed  by  Professor  Zoller  and  colleagues  for  parameter  sets  as  in  (4) .  The 
evolution  of  the  various  ground  state  populations,  of  the  intracavity  photon  number 
(a^a),  and  of  the  Mandel  Q  parameter  indicate  that  the  adiabatic  passage  scheme 
is  quite  effective  in  generating  individual  Fock  states  and  superpositions  thereof. 

In  the  end,  our  goal  is  to  achieve  “dial-a-state”  capabilities  for  the  electromag¬ 
netic  field  as  is  summarized  by  the  cartoon  of  Figure  8,  where  we  depict  Model  1  of 
our  quantum  state  synthesizer  (QSS-1).  By  appropriate  settings  of  the  dials  for 
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FIGURE  8.  Model  1  of  Caltech  Quantum  State  Synthesizer  for  generating  ’’ar¬ 
bitrary"  quantum  states  of  the  electromagnetic  field.  Note  that  the  dials  for  {cj} 
have  Inner  and  outer  knobs  for  control  of  modulus  and  phase. 

{cj},  we  would  be  able  to  specify  the  field  state  |(j5>  >  in  the  form 


'^max 

\'i>  >=  ^  Cj\j  >,  (5) 

with  \j  >  as  Fock  states.  The  user  thus  tunes  to  her  favorite  state  by  appropriate 
choices  of  the  complex  coefficients  Cj,  where  of  course  an  individual  dial’s  settings 
implies  both  a  modulus  and  a  phase.  Although  the  number  of  states  that  can  be 
generated  is  limited  both  by  the  maximum  value  rtmax  for  the  Fock  state  expansion 
(rimax  =2Ji  —  1  in  the  preceeding  discussion)  and  by  the  finite  resolution  by  which 
the  coefficients  can  be  determined  in  practice,  the  number  of  states  that  can  be 
accessed  in  the  Hilbert  space  for  the  single-mode  of  the  cavity  field  is  nonetheless 
quite  large. To  give  an  estimate,  imagine  that  each  value  Cj  is  specified  to  k  bits. 
Then  the  number  of  distinguishable  states  N  that  could  be  accessed  for  a  given 
value  of  rimax  is 

N  ~  +1).  (6) 

For  even  modest  values  of  rimax  =  7  photons  (as  would  be  appropriate  for  =  4 
Ju  =  3  in  Cs)  and  k^7  bits  (i.e.,  about  1%  accuracy),  the  number  of  distinguishable 
states  in  the  Hilbert  space  (and  hence  dial  settings)  is  N  ~  10^”^  states,  which  should 
be  a  large  enough  number  to  satisfy  even  a  Texan!  Also  note  that  as  with  long 
distance  telephone  companies,  the  user  will  have  diverse  choices  for  “dial- a- state” 
services,  as  in  the  work  of  Professor  Schleich’s  group. 

The  moral  of  this  discussion  is  that  Hilbert  space  is  indeed  a  big  place.  Although 
a  rich  phenomenology  of  manifestly  quantum  states  has  emerged  in  the  past  20 
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or  so  years  (including  antibunched  light  in  1977  and  squeezed  light  in  1985),  we 
believe  that  quantum  optics  has  only  begun  to  explore  the  complexity  of  possibilities 
associated  with  states  in  the  Hilbert  space  and  their  dynamics. 

V.  QUANTUM  COMPUTATION  AND  STRONG  COUPLING 

A  spectacular  recent  result  by  P.  Shor  in  the  field  of  quantum  computa¬ 
tion  clearly  makes  the  point  of  the  tremendous  potential  associated  with  exploring 
and  perhaps  ultimately  harnessing  the  complexity  of  quantum  dynamics  (for  an 
overview,  see  the  contribution  by  A.  Ekert  in  this  volume).  Following  the  pio¬ 
neering  work  by  Feynman^^^^  and  by  Deutsch,!'^^]  Shor  has  shown  how  to  exploit 
quantum  mechanics  to  yield  an  efficient  (quantum)  algorithm  for  factoring  large 
numbers.  The  essential  point  is  that  for  a  given  system  (here,  the  quantum  com¬ 
puter),  the  number  of  quantum  states  is  exponentially  larger  than  the  number  of 
associated  classical  states,  yet  this  large  number  of  states  can  be  efficiently  accessed 
by  the  unitary  transformations  of  quantum  evolution. 

In  the  current  flurry  of  excitement  over  quantum  computation,  a  number  of 
important  questions  remain  unanswered  (and  indeed  even  difficult  to  pose).  For  ex¬ 
ample,  in  principle  Shor’s  quantum  algorithm  must  have  access  to  the  whole  of  the 
Hilbert  space  with  its  exponentially  large  set  of  possibilities.  However,  in  practice 
there  will  undoubtedly  be  “localized”  regions  of  dense  trajectories  in  the  Hilbert 
space  (in  the  sense  of  a  path  integral),  and  one  should  thus  seek  to  determine  an 
effective  strategy  for  “adaptive  meshes”  which  best  utilize  finite  computational  re¬ 
sources.  Likewise,  a  villain  in  this  story  is  sure  to  be  dissipation,  and  one  might  seek 
to  optimize  quantum  algorithms  to  employ  states  with  a  robustness  to  the  partic¬ 
ular  dissipative  channels  encountered  and  to  explore  possibilities  of  “stabilization 
with  external  stimuli.  One  should  go  beyond  the  simplified  (and  often  misleading) 
viewpoint  of  dissipation  based  upon  solutions  for  ensemble  averages,  and  consider 
descriptions  based  upon  quantum  trajectories  for  individual  realizations  of  quantum 
(stochastic)  dynamical  processes.  Lastly,  it  is  important  to  realize  that  there  is  a 
“nonuniqueness”  associated  with  dissipation;  the  dynamics  of  open  quantum  sys¬ 
tems  with  strong  coupling  are  conditioned  upon  the  particular  measurement  strat¬ 
egy  employed  in  the  external  environment,  so  that  there  is  no  unique  dynamical 
process  to  be  associated  with  the  system’s  evolution. 

While  this  discussion  would  seem  to  take  us  far  afield  of  our  topic  of  strong  cou¬ 
pling,  in  fact  the  implementation  of  quantum  computation  requires  an  exploration 
of  many  issues  for  which  our  quantum-state  synthesizer  is  well-suited,  including 
the  generation  and  survivability  (against  imperfections  of  various  sorts  as  well  as 
against  dissipation)  of  states  globally  over  a  “large”  Hilbert  space.  Furthermore, 
the  elemental  gates  by  which  quantum  computations  might  eventually  proceed  will 
inevitably  involve  the  physics  of  strong  coupling  since  outputs  in  the  form  of  quan¬ 
tum  bits  (or  “qubits”)  must  be  conditioned  upon  the  state  of  input  qubits.  Hence 
the  basic  carriers  of  information  (be  they  spins  or  photons)  must  be  able  to  affect 
one  another  through  interactions  at  the  level  of  individual  quanta  in  times  short 
compared  to  any  dissipative  time  scale,  which  is  nothing  more  than  our  statement 
of  strong  coupling  expressed  generally  in  Section  I  and  specifically  for  cavity  QED. 
Following  this  theme,  several  groups  (including  our  own)  have  suggested  schemes 
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for  implementing  elemental  quantum  logic  gates  by  way  of  strong  coupling  in  cavity 
QED. 


VL “ONE-DIMENSIONAL  ATOMS” 

COUPLED  TO  SQUEEZED  LIGHT 

In  this  penultimate  section,  we  wish  to  step  back  from  the  nonperturbative  to 
the  perturbative  regime  in  cavity  QED  to  discuss  our  attempts  to  make  a  “one¬ 
dimensional”  atom  which  can  then  be  strongly  coupled  to  squeezed  light  from  an 
external  source.  Following  the  seminal  work  of  Gardiner, our  objective  here  is 
to  investigate  the  fundamental  alteration  of  atomic  radiative  processes  in  the  pres¬ 
ence  of  fields  of  manifestly  quantum  or  nonclassical  character.  There  is  by  now  an 
extensive  theoretical  literature  in  this  area;  roughly  speaking,  any  optical  process 
(ranging  from  resonance  fluorescence  to  photon  echoes  to  optical  gain  and  lasing) 
is  modified  in  an  important  manner  if  the  “regular”  vacuum  field  is  replaced  by  a 
“squeezed”  vacuum,  Of  course,  from  an  experimental  perspective,  this  replace¬ 
ment  is  easier  said  than  done;  we  have  presented  various  strategies  towards  this  end 
in  Ref.  [48] . 

Here  we  will  describe  one  particular  avenue  in  the  realm  of  cavity  QED  which 
relies  on  the  dominance  of  coupling  over  spontaneous  decay  for  an  atom  interacting 
with  a  cavity  (^  >>  7),  but  for  which  cavity  damping  dominates  coherent  coupling 
(k  >>  Stated  more  precisely,  we  move  to  the  so-called  “bad -cavity”  limit 

for  which 

K  »  g^/n  »  7,  (7) 

with  specifying  the  rate  of  emission  into  the  cavity  mode  as  follows  from  Eq. 
(3).  That  is,  the  pair  of  eigenvalues  A±  for  the  atom-cavity  can  now  be  associ¬ 
ated  with  an  atom-like  (cavity-enhanced  atomic  emision)  and  a  cavity-like  (atom- 
inhibited  cavity  decay)  pair,  where  explicitly  we  have  for  the  atom-like  eigenvalue 

^o  =  7x(1  +  2Ci),  (8) 

where  Ci  is  the  single-atom  cooperativity  parameter;  Ci  =  I /No  —  g‘^/2K'y±.  Hence 
for  Cl  >>  1,  the  rate  of  emission  into  the  cavity  mode  (^^/k)  dominates  that  into 
free-space  (7x).  Since  the  input-output  channel  of  the  cavity  is  readily  available  to 
us  as  a  collimated  Gaussian  beam,  we  can  efficiently  couple  fields  from  the  external 
world  to  the  atom  and  thus  overcome  the  difficulty  of  “mode  matching”  incident 
fields  to  the  large  angular  content  of  the  free-space  atomic  dipole  emission. 

The  strategy  then  is  to  arrange  for  one  intracavity  atom  in  the  domain  speci- 
ficied  by  Eq.(7)  and  to  illuminate  the  cavity  with  squeezed  light.  In  this  way,  we 
effectively  replace  the  vacuum  field  of  the  cavity  with  a  squeezed  vacuum  and  can  in¬ 
vestigate  the  consequent  alteration  of  (cavity-enhanced)  atomic  radiative  processes. 
For  the  case  of  broad  bandwidth  squeezed  light,  Eq.  (8)  is  replaced  by 

/?±  =  (l+2CiAx|),  (9) 

where  specifies  the  variances  of  the  quadrature-phase  amplitudes  for  the 
squeezed  field,  with  A2;±  =  1  for  the  vacuum  state.  Hence  in  the  limit  of  large 
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squeezing  with  Ax^  — >  {0,  co},  we  find  that  0-fPo  1/1  +  2Ci,  and  /3+/ Po  — ^  coj 
so  that  decay  in  one  quadrature  is  suppressed  and  that  in  another  is  enhanced  by 
the  nonclassical  fluctuations  brought  by  the  squeezed  field.  Here  the  dimensions 
of  suppressed  and  enhanced  fluctuations  correspond  to  the  {dxjdy}  components 
of  the  atomic  polarization  on  the  Bloch  sphere.  Note  that  this  linewidth  narrow¬ 
ing  appears  to  be  a  manifestly  quantum  result  in  that  stochastic  fields  of  classical 
character  can  apparently  only  increase  relaxation  above  the  value  j^o- 

Our  experimental  technique  for  investigating  cavity  QED  with  squeezed  light 
relies  on  the  same  basic  arrangement  depicted  in  Figure  (3).  Now,  however,  the 
cavity  parameters  are  altered  to  place  us  in  the  domain  specified  by  Eq.(7),  namely 
{p,/^,7_L}/27r  =  {20,91,2.5}  MHz,  so  that  2Ci  ~  1.8  and  rrio  ^  0.02  photons.  As 
well,  the  cavity  is  configured  in  a  “single-port”  arrangement  with  the  transmission  of 
the  input  coupling  mirror  {Mo  in  Fig.  3)  dominating  all  other  passive  cavity  losses. 
It  is  via  this  channel  that  we  introduce  squeezed  light  generated  by  parametric  down 
conversion.  The  behavior  of  the  atom-cavity  system  is  interrogated  in  the  same 
fashion  as  in  Figures  (4,5)  by  way  of  a  weak  probe  beam  (injected  via  Mi  in  Fig. 
3)  whose  frequency  is  tuned  across  the  common  atom-cavity  resonance  to  produce 
a  transmission  spectrum.  Figure  (9)  gives  our  theoretical  prediction  for  the  probe 
spectrum  in  the  case  of  infinite  bandwidth  for  the  squeezed  light  and  for  the  strict 
bad-cavity  limit.  The  various  curves  in  the  figure  are  basically  of  the  form  of  a 
“hole”  in  the  otherwise  smoothly  varying  broad  transmission  feature  for  the  cavity. 
Note  that  as  the  number  of  intracavity  photons  brought  by  the  squeezed- vacuum 
field  increases,  the  initial  dip  associated  with  usual  vacuum  {n  =  0)  diminishes  in 
size  and  narrows.  In  fact,  the  dip  actually  has  two  components;  the  first  is  a  complex 
Lorentzian  that  narrows  with  increasing  n  (corresponding  to  coupling  to  Ax-^  and 
reduced  fluctuations  of  a  squeezed  vacuum  relative  to  the  normal  vacuum),  while 
the  second  broadens  as  n  increases  (coupling  to  A2:-).  and  increased  fluctuations). 
The  size  of  the  dip  diminishes  with  increasing  n  because  a  squeezed  vacuum  brings 
real  quanta  which  saturate  the  atomic  response.  Note  that  the  phenomenology 
displayed  in  Fig.  (9)  is  precisely  as  for  the  original  problem  of  an  atom  in  free-space 
considered  by  Gardiner, but  here  is  referenced  to  the  dynamical  processes  of  the 
cavity  mode.  Modes  outside  the  cavity  to  which  the  atom  is  coupled  are  unaffected 
by  the  squeezed  light  (as  evidenced  by  the  factor  “1”  in  the  expression  (1  +  2Ci)  in 
Eq.  (9)). 

In  practice,  the  bandwidth  of  our  squeezing  is  neither  infinite  nor  are  we  strictly 
in  the  bad-cavity  limit.  Hence,  a  realistic  calculation  for  our  experiment  must  deal 
with  the  intertwining  time  scales  of  the  cavity,  the  squeezing,  and  the  atom  coupled 
to  the  cavity.  Dr.  A.  S.  Parkins  is  collaborating  with  our  group  on  this  problem 
and  has  carried  out  numerical  integrations  of  the  relevant  master  equation.  Probe 
spectra  derived  in  this  fashion  confirm  the  qualitative  trends  evidenced  in  Fig.  (9), 
but  allow  for  a  quantatitive  comparison  with  experiment. 

Although  coordinating  the  two  laboratories  involved  in  this  experiment  (one  for 
squeezed-state  generations^ and  one  for  cavity  QED)  is  not  completely  trivial,  we 
have  nonetheless  obtained  initial  results  for  illumination  with  squeezed  light.  Figure 
(10)  gives  an  example  of  probe  spectra  obtained  with  and  without  squeezing.  Note 
that  since  ruo  ^  0.02  photons,  the  probe  power  must  be  quite  small  if  the  probe 
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FIGURE  9.  Transmission  spectrum  T(nprobe)  for  a  weak  probe  beam  in  the 
presence  of  squeezed  light.  The  progression  starting  with  the  curve  with  the 
deepest  dip  at  Qprobe  =  0  is  n  =  {0, 0.1, 0.5, 2.5},  where  n  is  intracavity  photon 
number  associated  with  the  squeezed-vacuum  field.  The  curves  are  calculated 
following  the  formalism  of  Ref.  [49]  {i.e.,  strict  bad-cavity  limit},  but  are  evaluated 
with  the  parameter  set  {p,«,7i}  =  {40,200,2.5}.  with  Hp.obe  normalized  in  units 
of  7±. 


is  to  function  as  a  nonintrusive  measure  of  the  atomic  response.  In  Figure  (10), 
the  intracavity  photon  number  attributed  to  the  probe  at  the  extreme  edges  of  the 
scan  is  only  mprobe  ^  1.6  x  10~^  photons  and  diminishes  near  line  center.  On  the 
other  hand,  the  intracavity  photon  number  attributed  to  the  squeezed  field  is  ap¬ 
proximately  n  ~  0.05  photons.  While  the  squeezed  field  brings  an  alteration  of  the 
probe  spectrum  following  the  qualitative  expectation  of  Fig.  (9),  we  are  seeking  to 
quantify  the  changes  by  way  of  measurements  involving  excitation  with  “thermal”  as 
well  as  with  squeezed  excitation.  Here  the  thermal  field  is  generated  by  the  same 
parametric  process  but  now  in  a  nondegenerate  mode.  Hence  the  spectral  distri¬ 
butions  for  squeezed  and  thermal  fields  should  be  identical,  with  the  quintessential 
difference  being  the  presence  of  a  nonclassical  character  for  the  squeezed  field.  Al¬ 
though  we  have  made  a  number  of  measurements  as  in  Fig.  (10)  for  various  operating 
conditions,  we  have  not  yet  seen  reproducible  evidence  for  linewidth  narrowing.  A 
principal  suspect  is  the  efficiency  with  which  the  squeezed  light  is  transported  to 
and  coupled  into  the  atom-cavity  system.  Nonetheless,  data  as  in  Fig. (10)  are  quite 
remarkable  in  their  own  right  due  to  the  small  photon  number  associated  with 
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FIGURE  10.  Excitation  of  the  atom-cavity  system  with  squeezed  light.  Displayed 
are  measured  probe  spectra  rup  versus  probe  frequency  n  without  (curve  (i))  and 
with  (curve  (ii))  squeezed  excitation.  For  these  data  the  intracavity  atomic  number 
TV  ~  1  atom.  For  curve  (ii)  the  squeezed  vacuum  is  injected  from  the  output  of 
a  subthreshold  optical  parametric  oscillator  and  represents  an  intracavity  field  of 
only  about  0.05  photons  driving  the  atom. 

nonlinear  behavior  {n  0.05  photons)  and  to  the  sensitivity  of  the  probe  technique 
(spectra  can  be  acquired  with  reasonable  signal- to-noise  ratio  in  several  minutes 
with  rriprobe  ~  10”^  photons). 


VII.  SUMMARY 

Our  objective  here  has  been  to  provide  a  broad  overview  of  the  physics  of  strong 
coupling  and  its  realization  in  the  area  of  cavity  QED.  The  particular  progress  of 
the  Quantum  Optics  Group  at  Caltech  is  summarized  in  Figure  2,  which  illustrates 
a  steady  downward  trend  for  the  critical  atom  No  and  saturation  photon  rrio  num¬ 
bers;  in  fact,  reductions  of  5  -  6  orders  of  magnitude  have  been  achieved  over  the 
fifteen  years  that  we  have  been  pursuing  research  in  this  area,  so  that  now  we  are 
well  into  the  domain  of  strong  coupling  [{No,mo)  «  1]-  Although  the  work  origi¬ 
nally  began  in  the  context  of  optical  bistability,  the  goal  from  the  outset  has  been 
an  investigation  of  the  quantum  dynamical  processes  for  the  atom-cavity  system, 
for  which  a  rich  theoretical  and  experimental  literature  developed  from  the  mid 
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1970’s  into  the  1980’s.  A  related  field  of  research  over  the  same  period  has  been 
“cavity  QED”,  which  in  its  infancy  was  concerned  principally  with  cavity-modified 
atomic  emission,  the  essential  features  of  which  follow  from  classical  antenna  theory. 
Only  in  recent  years  have  these  two  tracks  converged,  driven  mostly  by  advances 
in  technical  capability.  Unfortunately,  relevant  and  seminal  work  in  the  area  of 
optical  bistability  has  been  almost  universally  ignored  in  modern-day  discussions 
and  reviews  of  cavity  QED,  which  we  view  as  a  most  unfortunate  situation. 

Such  concerns  about  the  sociology  of  science  aside,  we  do  wish  to  emphasize 
that  optical  physics  with  strong  coupling  represents  a  conceptual  frontier  for  the 
investigation  of  quantum  dynamics  of  open  (dissapative)  systems.  Historically,  the 
emphasis  has  been  on  weakly  coupled  systems  for  which  traditional  methods  such 
as  system  size  expansions  are  adequate.  In  this  case  the  route  from  the  microscopic 
quantum  to  the  macroscopic  classical  domain  is  well  charted.  Quantum  dynamics 
become  essentially  classical  in  character  (albeit  with  quantum  coefficients),  with 
small  bits  of  quantum  fluctuations  persisting.  By  contrast,  we  suggest  that  there 
are  startling  new  discoveries  to  be  made  in  the  realm  of  strong  coupling,  with 
this  perspective  grounded  in  the  belief  that  the  complexity  of  quantum  dynamical 
processes  has  yet  to  be  adequately  explored. 
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Abstract  Recent  theory  and  experiments  studying  the  interaction  of  short  intense  optical 
pulses  with  atoms  are  reviewed.  It  is  shown  that  the  conventional  eneigy  eigenstate  expansions 
of  atomic  physics  are  not  an  efficient  way  to  describe  the  response  of  atoms  to  these  field  pulses. 
Instead  a  description  in  terms  of  ensembles  of  classical  paths  of  the  electrons  is  proposed  and 
illustrated  with  examples  from  the  area  of  Rydberg  electron  wave  packets. 


INTRODUCTION 


The  beginnings  of  atomic  physics  can  be  traced  to  the  discovery  that  atoms 
and  molecules  absorb  and  emit  light  at  certain  discrete  frequencies.  Almost  all  of 
the  knowledge  that  we  have  gained  since  that  time  about  the  structure  of  atoms  has 
come  from  increasingly  precise  spectroscopic  measurements  of  the  same  basic  type 
as  these  initial  ones.  The  tool  used  for  these  precise  measurements  is  generally  an 
extremely  stable,  narrowband,  tunable  laser.  Indeed,  at  this  conference  are  reports 
of  spectroscopy  at  millihertz  resolution. 

It  is  often  said  that  these  measurements  along  with  associated  measurements 
of  structural  properties  such  as  oscillator  strengths  or  cross  sections  gives  one 
everything  that  there  is  to  know  about  atoms.  In  other  words,  everything  is  contained 
in  the  structure.  Very  short  and  very  intense  laser  pulses  that  are  available  today  are 
not  very  good  at  measuring  structure.  They  are  blunt  instmments  when  a  scalpel  is 
needed.  But,  of  course,  these  pulses  are  appropriate  to  measure  dynamics  instead  of 
structure.  Now,  what  can  dynamics  tell  us  that  is  different  from  the  stmcture?  One 
might  plausibly  argue  that  nothing  new  can  be  gained  from  such  measurements; 
afterall,  if  we  know  the  eigenfunctions  'tpn{f')y  and  the  eigenfrequencies  LCn,  then 
any  time- dependent  state  can  be  written  in  the  form 
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FIGURE  1.  Evolution  of  Radial  Rydberg  Wave  Packet  During  First  Orbit.  A  10  ps  laser 
pulse  is  used  to  excite  a  hydrogen  atom  from  the  ground  state  to  a  superposition  of  Rydberg 
states  centered  about  n=85.  The  probability  distribution  for  finding  the  electron  at  various 
radial  distances  from  the  nucleus  is  plotted  at  various  times  In  picoseconds  after  the  center 
of  the  laser  pulse.  The  radial  coordinate  is  scaled  by  the  distance  from  the  nucleus  to 
the  outer  turning  point  of  a  classical  electron  with  energy  equivalent  to  the  energy  of  the 
quantum  state.  In  upper  figure  we  see  that  shortly  after  excitation  the  electron  state  is  a 
well  defined  wave  packet  moving  out  toward  the  classical  turning  point,  and  slowing  as  it 
approaches  it.  In  the  lower  figure  we  see  that  at  later  times  the  packet  begins  to  return 
to  the  nucleus.  As  it  approaches  the  nucleus  It  speeds  up,  and  It  also  develops  a  high 
frequency  modulation  as  the  portion  of  the  wave  packet  that  is  approaching  the  nucleus 
interferes  with  the  portion  that  has  already  passed  by  the  nucleus  and  is  beginning  to  go 
back  out  toward  the  outer  turning  point.  After  Parker  and  Stroud  (2). 


where  the  Cn  are  just  constant  coefficients  determined  by  the  initial  conditions. 
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The  response  to  this  comment  might  be  that  by  this  argument,  if  we  know  the 
vocabulary  and  grammar  of  any  language  we  know  all  there  is  to  know  about  how 
to  write  a  novel,  a  sonnet,  or  a  physics  paper  in  that  language.  From  a  simplistic 
point  of  view  this  is  true,  but  not  in  the  real  world.  Similarly,  the  dynamics  of  an 
atom  can  be  described  in  principle  by  simple  knowledge  of  its  stmcture,  but  it  is  not 
true  in  practice.  For  example,  consider  the  following  question:  what  is  the  dynamic 
response  of  an  atom  to  a  picosecond  pulse  that  excites  the  atom  from  the  ground 
state  up  to  the  manifold  of  Rydberg  states?  A  one  picosecond  laser  pulse  has  a 
transform  bandwidth  of  about  30  cm“^  so  that  it  can  simultaneously  and  coherently 
excite  all  of  the  Rydberg  levels  from  approximately  71  =  67  to  the  continuum  limit. 
This  complex  superposition  in  fact  forms  a  spatially  localized  wave  packet  that 
oscillates  periodically  from  near  the  nucleus  out  to  a  turning  point.  The  period  of 
the  orbit  is  just  that  of  a  classical  Kepler  orbit  with  the  same  energy,  and  the  turning 
point  is  that  of  the  corresponding  classical  orbit. 

The  motion  of  the  Rydberg  wave  packet  can  be  described  accurately  by  an 
energy  eigenstate  expansion,  but  it  simply  is  not  a  very  appropriate  representation. 
A  description  in  terms  of  classical  orbits  is  much  more  attractive.  In  the  very  early 
days  of  quantum  theory  Heisenberg  stated  very  strongly  that  classical  orbits  have 
no  place  in  the  modem  quantum  mechanics.(l)  We  will  see  that  this  dictum  is  not 
tme  in  the  case  of  atomic  or  molecular  wave  packets  so  long  as  we  are  careful  to 
take  into  account  the  wave  properties  of  the  electrons. 

Let  us  begin  by  reviewing  the  situation  with  some  simple  examples.  Radially 
localized  wave  packets  have  been  studied  both  theoretically(2-4)  and  experimen¬ 
tally.  (5-7) 

In  Fig.  1  we  see  a  series  of  graphs  showing  the  evolution  of  the  probability 
distribution  as  a  function  of  time  for  a  wave  packet  excited  by  a  25  ps  pulse  tuned  to 
resonantly  excite  the  level  with  principal  quantum  number  85  from  the  ground  state. 
We  see  that  it  is  indeed  radially  localized,  and  oscillates  at  the  classical  period.  But, 
of  course,  if  the  ground  state  is  an  s-state,  and  we  excited  the  atom  with  a  single 
photon  transition,  then  by  the  dipole  selection  rules  all  of  the  levels  in  the  excited 
state  superposition  will  be  p-states.  The  corresponding  probability  distribution  wiU 
be  cosine  squared  as  a  function  of  polar  angle. 


ENSEMBLES  OF  CLASSICAL  ORBITS 


The  connection  with  classical  orbits  is  not  obvious  in  this  case,  but  there  is 
one.  If  one  considers,  not  a  single  classical  particle,  but  an  ensemble,  then  most 
of  the  behavior  of  the  wave  packet  for  this  trip  around  the  orbit  can  be  reproduced. 
The  trick  is  to  simply  make  up  an  ensemble  of  elliptical  orbits  whose  principal  axes 
are  distributed  in  space  according  to  the  cosine- squared  distribution,  but  start  each 
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FIGURE  2.  Ensemble  of  classical  orbits  equivalent  to  a  radial  wave  packet.  Each  member 
of  the  ensemble  travels  along  an  elliptical  orbit  according  to  Kepler’s  laws.  The  angular 
orientations  of  the  orbits  are  random.  The  short  optical  pulse  prepares  the  ensemble  so  all 
move  in  phase  around  their  respective  orbits. 

of  the  classical  particles  in  the  ensemble  with  exactly  the  same  phase  in  its  orbit. 
In  that  case,  the  ensemble  is  almost  indistinguishable  from  the  quantum  probability 
distribution  for  the  first  several  orbits  of  its  evolution,  except  when  the  packet  is 
near  the  nucleus.  When  the  wave  packet  is  near  the  nucleus,  as  in  the  case  of  the 
90  ps  graph  in  Fig.  1,  there  is  interference  between  the  head  and  tail  of  the  wave 
packet.  This  wave  phenomenon  cannot  be  reproduced  in  a  classical  ensemble. 

Atomic  electron  wave  packets  are  not  limited  to  these  radial  wave  packets. 
One  can  also  localize  the  wave  packets  in  the  angular  variables.  In  order  to  do 
this,  one  must  produce  a  superposition  of  various  angular  momentum  states  as  well 
as  principal  quantum  numbers.  This  cannot  be  done  by  simply  exciting  the  atom 
with  a  single  laser  field,  one  must  either  use  an  rf  field  to  supply  the  extra  angular 
momentum,  or  possibly  some  combination  of  dc  electric  and  magnetic  fields  to 
break  the  symmetry.  In  the  very  first  Rydberg  wave  packet  experiment  YeazeU  and 
Stroud  used  an  rf  field  to  dress  the  atom  and  then  a  short  laser  pulse  to  populate  the 
dressed  atomic  states.  When  the  rf  field  was  adiabatically  turned  off  the  electron 
was  left  in  a  superposition  of  high  angular  momentum  states  I  =  m  ^  30.  This 
superposition  formed  a  wave  packet  in  the  form  of  a  stationary  pie-shaped  wedge 
about  20°  wide,  sitting  on  one  side  of  the  nucleus. 

This  wave  packet  can  also  be  well  described  in  terms  of  a  classical  ensemble. 
In  this  case  the  classical  elliptical  orbits  all  have  their  major  axes  oriented  approxi¬ 
mately  along  a  line,  and  the  planes  of  the  orbits  are  also  approximately  aligned,  but 
the  locations  of  the  particles  along  the  orbits  is  random.  The  probability  distribu¬ 
tion  is  stationary  in  time  so  that  the  probability  of  finding  a  particle  at  a  particular 
location  is  inversely  proportional  to  velocity  of  a  particle  at  that  point  in  the  orbit. 
The  particles  are  most  likely  to  be  found  at  the  outer  turning  point,  just  like  comets 
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in  the  Oort  cloud.  This  ensemble  reproduces  the  quantum  mechanical  probability 
distribution  quite  well. 

In  this  case  the  classical  ensemble  turned  out  to  be  a  particularly  useful  way  of 
analyzing  the  system.  Experimental  detection  of  these  wave  packets  was  by  use  of 
a  pulsed  electric  field.  The  ionization  probability  depended  on  the  orientation  of  the 
axis  of  the  wave  packet  with  respect  to  the  electric  field.  When  the  field  was  along 
the  orbit  the  atom  was  easily  and  rapidly  ionized,  while  the  ionization  cross  section 
was  much  smaller  for  wave  packets  oriented  perpindicular  to  the  field.  Detailed 
theoretical  modeling  of  this  ionization  process  proved  to  be  difficult  because  an 
enormous  number  of  states  was  involved  as  the  high  angular  momentum  states 
essentially  diffused  out  through  the  higher  Rydberg  states.  In  fact,  a  full  quantum 
treatment  of  this  problem  has  not  yet  been  earned  out.  It  is  very  similar  to  the 
problem  of  microwave  ionization  of  hydrogen  which  has  also  been  resistant  to  fuU 
quantum  calculations.  However,  classical  calculations  are  quite  simple  using  the 
ensemble  that  we  have  just  described,  and  they  agree  very  well  with  the  experimental 
results. 

What  about  the  case  for  fully  three-dimensionally  localized  wave  packets?  To 
date  such  wave  packets  have  not  been  produced  in  the  laboratory.  Various  groups 
have  studied  the  theory  of  such  wave  packets.  (8-12)  Gaeta,  Noel  and  Stroud 
have  just  proposed  a  technique  for  producing  these  states  in  the  laboratory.(13) 
The  technique  relies  strongly  on  the  intuition  obtained  by  modeling  the  system 
with  a  classical  ensemble.  One  begins  with  a  circular  orbit  eigenstate.  Several 
techniques  have  been  used  to  make  such  states,  and  they  have  been  produced  in 
the  laboratory  with  principal  quantum  numbers  as  large  as  100.  The  eigenstate 
is  modeled  classically  by  a  uniform  distribution  of  particles  moving  around  in  a 
circular  Kepler  orbit  with  classical  energy  corresponding  to  that  of  the  quantum 
eigenenergy.  Then  a  half-cycle  electric  field  pulse  is  applied,  with  the  electric  field 
vector  in  the  plane  of  the  orbit,  and  the  pulse  duration  shorter  than  the  orbital  period. 

As  is  illustrated  in  Fig.  3,  the  electrons  that  are  moving  parallel  to  the  electric 
field  will  see  a  force  opposing  their  motion  and  thus  slowing  them  down,  while  the 
electrons  that  are  moving  anti-parallel  to  the  field  will  be  speeded  up  by  the  field. 
Those  with  motions  perpindicular  to  the  field  will  not  have  their  velocities  modified 
much.  Initially,  the  spatial  distribution  of  the  classical  ensemble  will  not  be  modified 
by  the  pulse,  but  the  velocity  distribution  will  be.  After  a  few  orbital  periods  the 
velocity  distribution  will  cause  the  faster  electrons  to  overtake  the  slower  electrons 
and  the  spatial  distribution  will  become  bunched  -  a  wave  packet  will  be  formed. 
In  fact,  the  wave  packet  will  be  essentially  identical  to  that  predicted  by  the  full 
quantum  theory.  The  classical  model  predicts  nothing  that  regular  quantum  theory 
cannot,  but  it  does  it  in  a  an  intuitive  fashion  that  allowed  us  to  arrive  at  this  method 
in  the  first  place. 
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FIGURE  3.  Creation  of  three  dimensionally  localized  wave  packet  using  a  half-cycle  field 
pulse.  The  atom  first  excited  to  a  circular  state  which  corresponds  to  a  classical  ensemble, 
all  with  the  same  angular  velocity,  uniformly  spread  around  the  circular  orbit.  A  short  field 
pulse  in  the  plane  of  the  orbit  then  modifies  the  velocity  distribution  so  that  the  members  of 
the  ensemble  pile  up  into  a  localized  wave  packet.  From  Gaeta  etal.  (13) 

EHRENFEST  TIME 


Of  course,  ensembles  of  classical  particles  cannot  mimic  all  features  of  the 
quantum  theory  of  wave  packets.  The  wave  packets  do  orbit  the  nucleus  just 
like  classical  particles  for  a  while,  but  in  order  to  produce  a  radial  localization 
we  must  include  states  of  different  energy  in  our  ensemble.  That  means  that  the 
ensemble  includes  particles  of  different  velocities,  so  inevitably,  after  a  few  orbits 
the  wave  packet  begins  to  disperse.  Even  this  is  properly  described  by  the  classical 
ensemble.  A  classical  ensemble  that  has  a  gaussian  distribution  in  space,  and  a 
gaussian  distribution  in  momentum,  with  the  width  in  momentum  space  that  given 
by  Heisenberg’s  relation,  will  spread  exactly  like  a  quantum  mechanical  wave 
packet.  In  free  space  this  is  the  whole  story,  but  in  an  atom  the  wave  packet  will 
eventually  spread  all  the  way  around  the  orbit  and  the  head  and  tail  will  overlap.  At 
that  point  the  head  and  tail  can  interfere.  Since  the  classical  ensemble  has  no  wave 
properties,  it  cannot  produce  interference.  The  time  for  onset  of  this  nonclassical 
overlapping  has  been  characterized  as  the  Ehrenfest  time  by  Tomsovic  and  Heller. 

This  interference  eventually  produces  a  complex  system  of  decays,  revivals, 
and  fractional  revivals  that  are  the  subject  of  a  great  deal  of  cuirent  research.  It  was 
first  noted  by  Parker  and  Stroud  (2)  and  has  been  studied  a  great  deal  since,  both 
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FIGURE  4.  Evolution  of  circular  wave  packet  during  first  few  ortits.  The  wave  packet 
spreads  just  as  would  a  classical  ensemble  with  the  same  range  of  energies  until  the  head 
and  tail  of  the  wave  packet  begin  overlap  at  the  Ehrenfest  time. 


FIGURE  5.  Evolution  of  circular  wave  packet  for  times  longer  than  the  Ehrenfest  time. 

theoretically  (9,10)  and  experimentally.(7,  14-16)  Actually,  with  the  addition  of  a 
small  ansatz,  even  most  of  these  features  can  be  explained  in  terms  of  a  classical 
ensemble.  Assume  that  our  classical  ensemble  was  made  up  not  with  a  continuous 
range  of  velocities,  but  with  a  discrete  set  of  velocities,  just  those  satisfying  Bohr’s 
quantization  conditions,  ie, 

Vn  =  acn~^.  (2) 

An  ensemble  of  these  classically  evolving  particles  will  undergo  spreading,  revival, 
and  even  fractional  revivals  -  but  there  is  one  thing  wrong  with  this  model.  If  the 
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central  energy  of  the  wave  packet  exactly  matches  with  one  of  the  Bohr  levels,  then 
the  classical  ensemble  will  revive  at  exactly  the  right  time,  but  on  the  wrong  side 
of  the  orbit.  In  general  the  fractional  revivals  also  occur  at  the  right  times,  but  the 
sub-wave  packets  in  this  case  are  also  at  different  locations  in  the  orbits  than  are  the 
quantum  wave  packets.  What  is  going  on?  To  understand  we  must  delve  deeper 
into  the  justification  of  the  classical  ensembles. 


SEMICLASSICAL  THEORY 


What  exactly  is  the  role  of  classical  paths  in  quantum  theory?  SchrOdinger  said 
(in  rough  English  translation)  that  classical  physics  is  to  quantum  mechanics  as  ray 
optics  is  to  wave  optics.  Both  optical  fields  and  quantum  mechanical  wave  functions 
satisfy  wave  equations.  It  is  well  known  that  in  the  limit  in  which  the  optical  wave 
length  is  much  shorter  than  the  distance  over  which  the  index  of  refraction  varies 
significantly  the  eikonal  approximation  can  be  applied  to  reduce  Maxwell’s  wave 
equation  to  the  equations  of  geometrical  optics.(17)  In  the  same  way,  if  the  quantum 
mechanical  potential  does  not  vary  appreciably  over  one  deBroglie  wave  length, 
then  Schrodinger’s  equation  can  be  approximated  by  classical  mechanics. 

This  is  a  very  old  idea  in  quantum  theory  that  was  first  investigated  by  Van 
Vleck  in  1927,  (18)  and  developed  much  more  extensively  in  recent  times  by 
Gutzwiller,(19)  and  by  Tomsovic  and  Heller.  (20)  The  approach  is  closely  related 
to  the  Feynman  path  integral  formulation  of  quantum  mechanics  (21)  in  which  it 
is  shown  that  the  Schrodinger  wave  function  can  be  propagated  exactly  from  some 
initial  point  x  and  time  i  to  another  point  a:'  at  a  later  time  F  by  summing  the 
exponential  of  the  action  over  all  paths  that  go  from  the  initial  point  at  the  initial 
time  to  the  final  point  at  time  i'.  Of  course,  there  are  in  general  an  infinite  number 
of  such  paths,  and  along  most  of  the  paths  the  exponential  is  rapidly  oscillating,  so 
carrying  out  the  sum  is  very  difficult.  However,  one  can  approximate  the  sum  by  a 
stationary  phase  approximation.  To  do  this  one  finds  paths  that  minimize  the  action. 
Of  course,  this  is  just  the  condition  that  defines  the  classical  paths.  In  general  the 
nonclassical  paths  give  rapidly  oscillating  contributions  that  cancel  out  in  the  sum 
over  paths. 

There  are  two  difficulties  that  arise  in  carrying  out  these  sums  even  when  we 
limit  consideration  to  classical  paths.  First,  in  general  the  paths  may  form  caustics. 
When  we  calculate  the  action  along  a  classical  path  that  passes  through  a  caustic  we 
must  add  a  phase  shift.  This  effect  is  exactly  the  same  as  the  phase  shift  that  occurs 
in  optics  when  a  wave  front  passes  through  a  focus.  Gutzwiller  has  shown  that  this 
is  easily  accounted  for  by  simply  adding  a  phase  shift  of  x/ 2  to  the  action  integral 
of  any  path  that  passes  through  a  caustic.(19)  The  second  difficulty  is  that  there 
are  in  general  an  infinite  number  of  classical  paths  that  that  pass  from  the  initial  to 
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final  point  in  the  given  time  interval  so  that  the  sum  is  quite  difficult  to  cany  out 
Tomsovic  and  Heller  showed  that  it  is  not  necessary  to  sum  even  over  ^  classical 
paths.  It  is  sufficient  to  sum  over  a  set  of  reference  orbits  and  then  to  include  the 
other  nearby  classical  orbits  by  a  simple  perturbation  theory.  (20) 

We  have  applied  this  technique  to  the  problem  of  circular  orbit  wave  pack- 
ets.(12)  In  the  case  of  atomic  Rydberg  wave  packets  one  generally  carries  out  an 
experiment  using  a  pump-probe  technique.  A  first  pulse  creates  the  wave  packet 
and  then  a  second  pulse  later  probes  the  state  of  the  atom.  Such  experiments  are 
described  by  a  simple  correlation  function  of  the  wave  packet  at  the  initial  time 
with  the  wave  packet  at  a  later  time.  The  wave  packet  localization  greatly  limits 
the  number  of  classical  paths  that  contribute.  In  the  case  of  the  circular  orbit  wave 
packets  the  reference  orbits  are  simply  the  classical  circular  orbits  that  have  passed 
from  the  initial  to  the  final  point  after  one  orbit,  two  orbits,  etc.  This  simplication 
allows  one  to  actually  determine  an  analytic  expression  for  the  correlation  function 
in  the  case  in  which  the  initial  wave  packet  is  a  gaussian  in  all  three  dimensions. 
The  analytic  expression  is 


Csc{i)  — 

k 


(h 

—  exp 
Oik 


(3) 


Here  we  have  used  the  full  classical  action  for  the  fcth  reference  trajectory 


and 


(5a) 

(56) 

(5c) 

(5d) 


The  summation  index  k  mns  over  the  positive  integers  counting  the  number  of  full 
orbits  in  the  reference  trajectories,  the  other  parameters  are  defined  in  terms  of  the 
width  of  the  original  wave  packet  in  a 4,,  and  rate  of  spreading  or  “shearing”  of 
the  classical  ensemble.  A  detailed  derivation  of  this  expression  is  given  in  (12)  . 
Here  we  will  content  ourselves  by  seeing  that  it  is  a  quite  simple  expression,  and 
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FIGURE  6.  Comparison  of  semiclassical  and  quantum  autocorrelation  functions.  The 
dashed  line  is  the  quantum  expression  while  the  solid  line  is  the  semiclassical  approxima¬ 
tion.  The  upper  figure  gives  the  comparison  during  the  first  few  orbits  while  the  lower  figure 
makes  the  comparison  near  the  first  one-half  fractional  revival.  From  (12). 

by  comparing  its  predictions  with  those  made  by  a  conventional  quantum  energy 
eigenstate  evaluation  of  the  correlation  function. 

As  can  be  seen  in  Fig.  6,  the  semiclassical  expression  is  extremely  accurate. 
Only  in  the  first  orbit  do  the  semiclassical  and  quantum  results  disagree  by  more 
than  the  linewidth  in  the  graph.  Even  in  the  regions  where  quantum  effects  are 
most  striking,  for  example  at  the  one-half  fractional  revival,  the  two  theories  agree 
extremely  well.  The  agreement  gets  better  with  time  as  the  reference  orbits  become 
more  closely  spaced.  The  particular  parameters  in  the  case  illustrated  here  are  the 
average  quantum  number  excited  is  given  by  n  =  120,  and  the  width  of  the  initial 
wave  packet  is  =  27r/10. 
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SUMMARY  AND  CONCLUSIONS 


We  have  seen  that  the  conventional  energy  eigenstate  basis  is  inconvenient  and 
illsuited  to  describe  the  dynamic  response  of  an  atom  after  excitation  by  a  very  short 
intense  pulse.  The  dynamics  are  nearly  those  of  an  ensemble  of  classical  particles 
each  travelling  along  a  classical  Kepler  orbit.  The  use  of  such  classical  models  is 
useful  in  developing  an  intuitive  understanding  of  the  dynamics.  Eventually  how¬ 
ever,  this  classical  model  will  become  an  inaccurate  representation  of  the  quantum 
dynamics.  The  time  required  for  this  breakdown  of  the  accuracy  of  the  classical 
model  has  been  characterized  the  Ehrenfest  time.  It  is  just  the  time  required  for  the 
classical  ensemble  to  spread  all  the  way  around  the  orbit  so  that  the  head  and  tail  of 
the  packet  overlap  and  begin  to  interfere.  Even  in  this  nonclassical  regime  a  con¬ 
venient  alternative  exists  for  the  energy  eigenstate  representation:  the  semiclassical 
path  integral  representation.  The  range  of  validity  of  this  formalism  is  not  yet  clear, 
but  for  the  particular  case  of  circular-orbit  wave  packets  it  is  extremely  accurate 
and  actually  gives  a  simple  analytic  expression  for  the  autocorrelation  function  of 
the  wave  function.  Furthermore,  it  greatly  aids  the  intuition  so  that  one  can  use 
it  to  develop  excitation  schemes  to  engineer  and  control  the  atomic  electron  wave 
function  to  produce  produce  any  desired  geometric  distribution. 
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Abstract.  The  recent  developments  in  laser  cooling,  together  with  a  preceding 
decade  of  work  on  cryogenically  cooled  atomic  hydrogen,  have  opened  possibili¬ 
ties  for  a  large  variety  of  experiments  in  which  collisions  between  very  slow  atoms 
play  an  important  role.  Examples  of  such  experiments  are  reviewed  with  an  em¬ 
phasis  on  theoretical  interpretation.  We  focus  primarily  on  open  problems  in 
this  field  and  on  subjects  not  yet  dealt  with  in  the  existing  reviews.  Most  of  the 
examples  deal  with  collisions  between  ground  state  atoms.  Although  a  future  de¬ 
velopment  is  foreseen  in  the  direction  of  longitudinally  cooled  and  bright  beams, 
all  present  examples  deal  with  experiments  on  gas  samples.  In  that  connection 
some  attention  is  devoted  to  the  step  required  to  go  from  a  microscopic  to  a 
macroscopic  description. 


INTRODUCTION 


In  recent  years  the  experimental  possibilities  to  cool  atomic  gas  samples 
by  means  of  laser  beams  and  to  store  and  manipulate  them  have  undergone 
a  tremendous  development.  This  development  was  preceded  by  experiments 
going  on  since  the  end  of  the  seventies  that  dealt  with  cryogenically  cooled 
spin-polarized  atomic  hydrogen.  Cold  atomic  samples  offer  challenging  oppor¬ 
tunities  like  the  realization  of  Bose-Einstein  condensation  or  the  construction 
of  atomic  clocks  with  unprecedented  accuracy.  The  interest  is  also  stimulated 
by  the  prospect  that  collisions  between  atoms  will  display  unusual  features  at 
the  low  temperatures  that  are  being  realized. 
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The  temperature  region  where  new  collision  phenomena  are  to  be  expected 
and  in  which  both  the  recent  work  on  laser  cooled  alkali  atoms  and  the  work  on 
cryogenically  cooled  atomic  hydrogen  is  taking  place,  is  the  so-called  quantum 
regime^  characterized  by  the  condition 

Ath  >  ro,  (1) 

i.e.  the  thermal  de  Broglie  wavelength  is  large  compared  to  the  range  of  the 
interatomic  interaction. 

In  the  regime  given  by  (1)  atoms  approach  each  other  during  collisions  more 
closely  than  their  wavelength.  This  ’’quantum  overlap”  provides  special  phe¬ 
nomena,  examples  of  which  will  be  discussed  like  the  phenomenon  of  spin 
waves  in  dilute  gases  and  the  collisional  frequency  shift  in  an  atomic  fountain, 
in  both  cases  with  a  ’’quantum  cross  section”  going  to  infinity  for  T  0. 
We  will  go  into  the  consequences  for  the  construction  of  an  improved  cesium 
clock.  Collisions  in  this  temperature  regime  are  referred  to  as  ultracold  colli¬ 
sions.  The  superlative  “ultra”  might  sound  like  an  adjective  which  is  subject 
to  inflation.  However,  there  exists  a  well-defined  meaning:  an  ultracold  col¬ 
lision  is  one  which  is  dominated  by  s-wave  scattering.  This  is  equivalent  to 
condition  (1). 

A  further  temperature  regime  is  that  in  which  the  thermal  wavelength  is  not 
only  larger  than  the  range  of  the  interatomic  interaction  but  exceeds  even  the 
mean  distance  of  nearest  neighbors  in  the  gas: 

Ath>n-‘/^  (2) 

in  which  n  is  the  gas  density.  In  this  degenerate  quantum  regime,  as  yet  unre¬ 
alized  in  a  dilute  gas,  atoms  are  permanently  within  a  wavelength  from  other 
atoms.  The  ideal  degenerate  quantum  gas  is  a  fundamental  paradigm  of  quan¬ 
tum  statistical  mechanics.  The  same  is  true  for  the  weakly-interacting  Bose 
gas  for  which  a  theory  was  already  formulated  in  1957  [1].  The  realization  of 
a  weakly  interacting  quantum  gas  in  the  degenerate  regime  will  provide  the 
opportunity  to  observe  the  spectacular  phenomenon  of  Bose-Einstein  conden¬ 
sation  (BEC)  in  a  well- characterized  system,  calculable  from  first  principles. 
As  we  will  see,  collisions  between  atoms  also  play  a  crucial  role  in  experiments 
aiming  at  the  realization  of  circumstances  where  this  phenomenon  occurs. 

Much  effort  is  presently  also  going  into  the  subject  of  collisions  of  alkali 
atoms  in  a  near-resonant  laser  field  exciting  one  of  the  collision  partners  dur¬ 
ing  the  collision  (sometimes  called  ’’optical  collisions”).  This  subject  is  of 
importance  for  understanding  loss  processes  in  optical  traps.  It  is  also  of  fun¬ 
damental  interest,  since  it  is  one  of  the  few  situations  where  the  collision  time 
is  comparable  to  the  spontaneous  emission  time.  In  view  of  the  existence  of 
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a  comprehensive  review  [2]  only  some  recent  developments  in  this  subject  will 
be  dealt  with  in  this  talk. 

As  pointed  out  previously,  the  cold  atom  experiments  to  be  described  deal 
with  gas  samples.  This  makes  it  necessary  to  make  a  step  from  the  microscopic 
level  of  a  single  collision  to  the  macroscopic  level  of  a  collective  phenomenon. 
In  our  work  this  step  was  made  by  means  of  the  quantum  Boltzmann  equation 
[3], [4], [5].  This  equation  has  a  form  similar  to  the  classical  Boltzmann  equation 
and  describes  the  time  evolution  of  the  one-body  density  matrix  p{r,  p,  t)  in 
terms  of  a  single-particle  term  and  a  (two-body)  collision  term,  the  latter  being 
a  complicated  expression  in  terms  of  S-matrix  elements,  for  which  we  refer  to 
Ref.  [5]: 


d  P  ^ 

_  _l - -  V 

ot  m 


p{f,p,t)  = 


(3) 


The  equation  is  based  on  a  quantal  treatment  of  the  internal  dynamics  and 
a  classical  treatment  of  the  translational  motion  between  collisions.  It  is  em¬ 
phasized  that  the  translational  motion  during  collisions,  as  summarized  in  the 
substituted  values  of  the  S'-matrix  (or  equivalently  T-matrix)  elements,  can 
only  be  treated  quantum  mechanically  due  to  condition  (1).  p  acts  in  the 
internal  state  space  and  can  be  obtained  from  the  exact  quantum  density  op¬ 
erator  by  means  of  a  Wigner  transform.  Its  diagonal  elements  characterize  the 
occupation  of  the  internal  states  and  its  non-diagonal  elements  describe  their 
coherence. 


SPIN  WAVES 


Although  the  subject  of  spin  waves  in  dilute  cold  gases  is  already  rather  old 
on  the  typical  time-scale  of  the  rapidly  developing  cold-atom  field,  we  briefly 
review  it  here  because  I  consider  it  the  most  striking  example  of  a  quantum 
phenomenon  for  cold-atom  collisions  in  the  regime  (1),  Long  before,  spin  waves 
were  a  well-known  phenomenon  in  dense  systems  like  the  solid  state  and  the 
^He  liquid.  There  they  occur  due  to  the  strong  Heisenberg  correlation  between 
neighboring  spins  arising  from  the  permanent  overlap  of  adjacent  atoms.  A 
spin  wave  is  essentially  a  wavelike  propagation  of  a  local  tilt  of  spins  from  a 
preferential  orientation  (see  Fig.  1). 

Lhuillier  and  Laloe,  and  Bashkin  (see,  e.g.,  the  review  [6])  made  the  remark¬ 
able  observation  that  such  effects  can  also  occur  in  the  gas  phase  without  a 
permanent  overlap,  for  instance  in  spin-polarized  atomic  hydrogen  at  a  density 
of  10^®  at/cm^.  In  these  circumstances  atoms  spend  most  of  the  time  far  from 
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their  neighbors.  Only  during  a  very  small  fraction  of  the  time  they  overlap  as 
in  the  solid  state. 


v/VW^ 


FIGURE  1.  Simple  picture  of  spin  wave  in  solid  state  and  ^He: 
propagation  of  spin  locally  tilted  from  preferential  direction. 

In  1984  it  turned  out  experimentally  that  the  rare  quantum  overlap  during 
collisions  is  sufficient  for  spin  waves  to  occur  [7], [8], [6].  In  a  number  of  papers 
(see  again  the  review  [6]),  microscopic  theories  for  spin  waves  in  dilute  gases 
have  been  formulated.  We  restrict  ourselves  to  linear  versions  of  spin-wave 
theory,  i.e.  small  tilt  angles.  Important  parameters  predicted  by  these  theories 
are  Dq^  the  spin- diffusion  constant  in  the  unpolarized  gas,  and  Q,  the  quality 
factor  of  the  spin-wave  modes.  In  the  quantum  temperature  regime  where  the 
experiments  take  place  Q  is  given  by  the  simple  expression 

Q  =  (4) 

16  |cit 

with  a  the  scattering  length. 


Ht  ▼ 


su  perfluid 


FIGURE  2.  Quasi-2D  gas  of  hydrogen  atoms  adsorbed 
at  surface  of  superfluid  ^He. 
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An  open  problem  is  the  observability  of  two-dimensional  spin  waves  in  the 
quasi- 2D  gas  of  hydrogen  atoms  adsorbed  at  a  surface  of  superfiuid  ^He  (see 
Fig.  2),  which  have  been  predicted  in  Ref.  [9].  Both  the  quality  factor  (4)  and 
the  corresponding  expression  for  2D  spin- waves, 


-7  4- In 


/4\/2  Ath  Y 
\  Stt  1^201 /. 


(5) 


illustrate  the  limitation  of  the  spin- wave  phenomenon  to  the  quantum  regime, 
the  absolute  magnitudes  of  the  2D  and  3D  scattering  lengths  being  a  quan¬ 
titative  measure  for  the  ’’range”  in  eq.  (1).  Only  under  the  condition  (1)  Q 
is  sufficiently  large  to  make  spin  waves  observable.  In  the  2D  case  both  the 
predicted  Q  (about  2)  and  the  residence  time  of  atoms  at  the  surface,  which 
is  larger  than  the  damping  time  of  the  most  weakly  damped  spin  wave  mode, 
seem  to  make  observation  possible  at  temperatures  of  0.1  K  and  below.  This 
would  have  both  fundamental  interest  and  interest  from  the  point  of  view  of 
measuring  for  the  first  time  the  2D  triplet  H  -f  H  scattering  length,  which 
contains  information  on  the  role  of  the  superfluid  '^He  dynamics  in  the  2D  cold 
collision  process.  Note  that  the  most  advanced  existing  calculation  [10]  of  a2D 
neglects  the  dynamics  of  the  superfiuid  surface. 

On  the  microscopic  scale  the  quantum  nature  of  the  collective  spin-wave 
phenomenon  in  dilute  gases  is  due  to  the  so-called  identical-spin  rotation  effect 
(ISR,  see  review  [6]),  a  mutual  rotation  of  the  spins  of  two  indistinguishable 
particles  about  their  vector  sum  due  to  interference  effects  when  their  wave 
packets  of  dimension  overlap.  It  has  been  illustrated  schematically  in 
Fig.  3.  By  the  ISR  effect  each  atom  feels  an  effective  magnetic  field  due  to 
the  average  spin  orientation  of  atoms  in  its  environment  and  spin-precesses 
around  it. 

As  a  second  striking  aspect,  in  addition  to  the  occurrence  of  spin  waves  in 
a  dilute  gas,  the  interatomic  potential  is  independent  of  the  orientation  of  the 
spins  participating  in  the  rotation  effect;  only  the  nuclear  spins  are  tilted,  the 
atoms  simply  interact  according  to  the  triplet  potential.  The  ISR  effect  does 
not  need  a  spin-dependent  potential:  it  is  only  due  to  the  indistinguishability 
of  the  atoms,  which  plays  a  role  in  collisions  when  condition  (1)  is  fulfilled. 
This  indistinguishability  gives  rise  to  interference  of  the  undistorted  ongoing 
wave  and  a  ISO^’  scattered  wave. 

As  a  third  surprise  it  was  found  in  1990  that  spin  waves  can  even  occur  in  a 
Knudsen  H-gas  [11],  in  which  the  hydrogen  atoms  collide  predominantly  with 
the  walls.  At  first  sight  it  is  amazing  that  spin  waves  can  occur  for  such  low 
densities:  the  mean  free  path  I  as  it  is  usually  defined  is  larger  than  the  cell 
dimensions  T,  so  that  it  is  difficult  to  understand  how  an  atom  can  feel  the 
average  spin  orientation  in  its  environment.  It  is  emphasized,  however,  that  / 
is  only  small  relative  to  L  for  the  usual  type  of  elastic  collision  with  a  (low- 
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temperature)  cross  section  of  order  The  special  type  of  collisions  involved 
in  spin  waves  (see  above),  occurs  with  the  ’’quantum  cross  section”  Aa,  which 
gives  rise  to  a  much  shorter  mean  free  path  at  low  T.  A  fourth  surprise  is  that 
Knudsen  spin  waves  have  only  been  studied  in  one  experiment  [11],  despite 
their  fundamental  significance. 


FIGURE  3.  Identical  Spin  Rotation  effect  in  collision:  rotation 
of  proton  spins  about  their  vector  sum  during  collision. 

In  zero-temperature  limit  ISR  effect  survives. 


CESIUM  FOUNTAIN  CLOCK 


In  this  case  we  deal  with  another  example  of  an  elastic  collision  process 
for  which  the  cross  section  goes  as  As  a  consequence,  the  collisional 

frequency  shift  of  the  fountain  clock  goes  to  a  finite  value  for  T  0. 

The  foregoing  example  dealt  with  cryogenically  cooled  atomic  gas  samples. 
The  recent  atomic  fountain  experiments  (see  for  instance  [12], [13])  make  use 
of  laser  cooling  techniques.  As  is  well-known  the  conventional  cesium  clock  is 
based  on  the  comparison  of  the  phase  change  of  a  microwave  field  with  that  of 
an  atomic  magnetic  moment  oscillating  at  the  Bohr  frequency  of  the  pair  of 
F,  Mp  =  3,0  and  4, 0  ground  state  hyperfine  states  (see  Fig.  4)  during  the  time 
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interval  between  two  passages  of  the  atoms  through  a  microwave  cavity.  An 
increase  of  this  time  interval  At  increases  the  change  of  the  phase  difference 
and  thus  the  accuracy.  This  is  the  basic  idea  of  using  an  atomic  fountain 
with  ultracold  atoms  to  improve  the  conventional  cesium  clock:  At  can  be 
increased  to  almost  a  second,  implying  a  decrease  of  the  linewidth  compared 
with  conventional  set-ups  by  two  orders  of  magnitude. 

The  trade-off  involved  in  this  set-up  is  the  increase  of  the  signal-to-noise 
ratio  achievable  by  increasing  the  number  of  atoms  in  the  atomic  cloud  un¬ 
dergoing  the  fountain  orbit,  compared  with  the  increased  perturbation  due  to 
interatomic  collisions.  The  overlap  of  the  electron  clouds  during  a  collision 
causes  the  valence  electron  spins  to  process  around  their  vector  sum,  which 
perturbs  the  hyperfine  precession  in  each  of  the  individual  atoms  and  thus 
shifts  the  Bohr  frequency.  For  a  derivation  of  this  shift  on  the  basis  of  the 
quantum  Boltzmann  equation  I  refer  to  [14].  Instead,  it  is  illustrative  to  give 
the  (non- vanishing!)  shift  in  the  zero-temperature  limit,  which  turns  out  to 
be  valid  approximately  in  the  extreme  circumstances  realized  experimentally 
[12],  in  terms  of  (complex)  scattering  lengths: 

^  p  1 

iAwat  -  Fat  =  i—^  5^(1  +  [oJ+i-.2+i  -  ai+i-i+.J  .  (6) 

with  rii  the  partial  density  of  atoms  in  each  of  the  hyperfine  states  i  with  which 
an  atom  in  the  superposition  of  clock  states  |1  >=  |3,0  >  and  |2  >=  |4, 0  > 
collides.  This  expression  can  be  interpreted  in  terms  of  a  Hartree-Fock  mean 
field: 


47r^^  » 

^  Tii  [(1  -f  Sii)ai+i-,i+iPi  +  (1  +  fe)a2+i^2+tF2] ,  (7) 

with  Pi  and  P2  projection  operators  on  the  two  clock  transition  states.  Note 
that  the  P2  term  also  contains  an  absorptive  contribution  due  to  the  negative 
imaginary  part  of  the  corresponding  scattering  length  describing  the  loss  of  flux 
to  other  channels.  In  this  sense,  there  is  an  analogy  to  the  ’’optical  model” 
for  scattering  of  projectiles  by  atomic  nuclei  in  nuclear  physics.  Clearly,  the 
loss  of  flux  determines  the  collisional  damping  of  the  coherence  of  the  clock 
transition  states  described  by  F^t-  The  1  and  2  terms  in  Eq.  (7)  shift  the  two 
clock  states  in  energy  by  a  different  amount,  which  leads  to  the  change  of  the 
Bohr  frequency  given  in  Eq.  (6). 

In  1991  it  became  clear  [15]  that  collisions  between  atoms  in  the  atomic  cloud 
during  the  fountain  orbit  shift  the  Bohr  frequency  by  an  amount  of  order  1 
mHz  for  typical  densities  of  10®  cm“^.  This  is  a  sizable  shift  compared  with  the 
accuracy  of  the  best  conventional  Cs  clocks  {Au  =  1  to  0.1  mHz,  corresponding 
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with  a  relative  accuracy  =  10“^^  to  10”^^)  and  the  predicted  accuracy 

of  a  cesium  fountain  clock  [Ap  =  1  //Hz,  implying  a  relative  accuracy  10 

The  experimental  determination  of  the  colli sional  frequency  shift  thereby 
became  an  important  priority.  Beginning  1993  the  predicted  order  of  magni¬ 
tude  was  confirmed  by  observations  by  Gibble  and  Chu  at  Stanford  University 
[12],  Since  then  these  and  more  recent  data  were  analyzed  in  a  more  detailed 
way  [16],  making  it  possible  to  estimate  the  scattering  length  for  elastic  triplet 
scattering,  which  is  relevant,  e.g.,  for  the  possibility  of  realizing  BEC  in  a  cold 
gas  of  Cs  atoms  (see  following  section). 

It  is  of  interest  to  point  out  that  the  measured  fountain  frequency  shifts  have 
made  it  possible  to  study  collisions  at  the  coldest  temperatures  (T 
at  which  atomic  collisions  have  ever  been  studied.  In  particular,  as  pointed  out 
above  the  temperature  is  so  low  that  the  T  =  0  limit  is  rather  well  satisfied.  It 
is  emphasized  also  that  the  same  collision  calculations  predict  the  collisional 
line  broadening  r^t  •  It  turns  out  that  at  presently  achievable  densities  this 
broadening  is  not  observed. 


COLLISIONAL  CONSTRAINTS  FOR  BEC 


The  experiments  considered  in  the  previous  sections  pertain  to  experimental 
circumstances  in  which  the  condition  (1)  is  fulfilled.  Since  the  end  of  the 
seventies  attempts  are  going  on  to  approach  the  temperature- density  region 
where  also  condition  (2)  is  obeyed.  Initially,  the  attempts  aimed  at  the  real¬ 
ization  of  BEC  in  atomic  hydrogen,  cooled  and  stored  in  a  cryogenic  set-up, 
the  atoms  occupying  the  doubly-polarized  spin-down  state  relative  to  a  strong 
external  magnetic  field.  These  attempts  were  frustrated  by  the  occurrence  of  a 
loss  mechanism  due  to  three-body  collisions  [6].  One  of  the  ways  out  for  both 
atomic  hydrogen  (see  for  instance  [17], [18])  and  the  atomic  alkalis  (for  instance 
[19])  is  to  (evaporatively)  cool  a  gas  sample  in  a  static  magnetic  trap,  thus  al¬ 
lowing  the  realization  of  the  condition  (2)  at  much  lower  density-temperature 
combinations,  where  three-body  collisions  are  unimportant. 

In  the  achievement  of  BEC  along  this  line,  to  which  we  restrict  ourselves 
in  the  following,  collisions  play  a  key  role  [20],  [21], [19].  In  the  first  place 
elastic  collisions  are  needed  for  an  efficient  (collision-induced  or  laser-induced) 
evaporative  cooling  scheme,  giving  rise  to  replenishment  of  the  high-energy 
atoms  escaping  from  the  trap.  They  are  also  needed  for  the  establishment  of 
a  BEC  kinetic  equilibrium  state.  In  contrast,  inelastic  two-body  collisions  and 
three-body  collisions  are  unfavorable.  Three-body  collisions  lead  to  formation 
of  bound  triplet  and  singlet  states  and  inelastic  hyperfine-changing  collisions 
to  the  formation  of  untrappable  high-field  seeking  states.  In  both  cases  the 
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consequences  are  heating  and  loss  of  density.  For  atomic  hydrogen  this  was 
investigated  theoretically  in  Ref.  [22]. 

The  challenge  is  therefore  to  adjust  the  experimental  circumstances  (mag¬ 
netic  field,  density,  temperature)  so  that  the  elastic  two-body  collision  rate  is 
large  relative  to  both  inelastic  and  three-body  rates.  On  the  elastic  two-body 
time  scale,  no  bound  levels  are  formed  and  a  theoretical  description  of  the 
properties  of  the  gas  can  be  given  in  terms  of  a  single  quantity,  the  appropri¬ 
ate  elastic  scattering  length.  In  particular,  all  gases  with  the  same  positive  or 
negative  value  of  a  have  properties  identical  to  that  of  a  gas  of  hypothetical 
atoms  without  (two-body)  bound  states  but  with  the  same  a  value. 

Since  some  decades  it  is  known  that  a  positive  sign  of  a  is  crucial,  a  >  0 
represents  an  effectively  repulsive  potential  and  collisions  can  be  modelled 
as  those  between  hard  spheres  of  radius  a.  The  thermodynamic  properties 
of  such  a  gas  can  be  obtained  as  a  power  series  expansion  in  the  parame¬ 
ter  (na^)^  [1].  For  negative  values  of  the  scattering  length  the  interaction  is 
effectively  attractive  and  the  Bose-condensed  state  is  predicted  to  be  unsta¬ 
ble  [23].  Also  other  features  are  lost  which  are  characteristic  of  BEC  [24]. 
A  theoretical  treatment  of  the  inhomogeneous  time-dependent  Bose  system 
with  G  <  0  does  not  at  present  exist  in  the  literature,  nor  has  it  been  stud¬ 
ied  experimentally.  The  subject  of  the  o  <  0  Bose  gas  presents  an  interesting 
challenge  both  theoretically  and  experimentally.  It  is  already  clear  now  that  in 
the  inhomogeneous  situation  of  a  trap  experiment  the  self-consistent  solution 
of  the  Hartree-Fock  equation  for  the  condensate  wave  function,  known  as  the 
Gross-Pitaevskii  equation  [25],  collapses  as  a  function  of  time.  This  is  easily 
understood.  The  mean  field  (Hartree-Fock  potential)  describing  the  average 
interaction  of  a  condensate  particle  with  the  remaining  condensate  atoms,  is 
proportional  to  the  local  condensate  density  no  multiplied  by  a  [23]  (see  Eq. 

7): 

A-tt  ^ 

U{r)  =  no(f)a^.  (8) 

For  negative  a  an  unstable  situation  arises,  i.e.  a  collapse  of  the  linear 
dimensions  /  of  the  condensate,  due  to  the  fact  that  the  growing  attractive 
potential  energy  (^  no  ~  /”^)  beats  the  increase  of  the  kinetic  energy  following 
from  the  uncertainty  relation  ('^  (Ap)^  ~  /“^). 

Clearly,  it  is  of  great  importance  to  determine  the  value  of  a  and  in  partic¬ 
ular  its  sign.  Despite  the  evident  importance  the  value  of  a  was  until  recently 
only  known  for  atomic  hydrogen,  in  which  case  the  interaction  potential  has 
been  rigorously  calculated  [26].  For  doubly-polarized  H  (i.e.  the  pure  triplet  H 
-I-  H  case)  the  value  of  a  is  positive  [27].  For  the  various  alkali  gases  for  which 
BEC  is  being  attempted  experimentally,  no  reliable  theoretical  potentials  are 
available.  Taking  advantage  of  the  special  features  of  cold  collisions,  however. 
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it  has  been  possible  to  extract  the  needed  information  for  several  alkali  atoms 
reliably  from  experimental  data.  Table  1  summarizes  the  results. 


TABLE  1.  Summary  of  known  signs  of  scattering  lengths 

Atom 

Sign  aF> 

Sign  aF<(B) 

Method 

Ref. 

H 

>0 

Non-ex. 

Rig.  pot. 

27 

"Li 

<0 

>0 

Bound  di-at.  sp. 

28,29 

23Na 

>0 

>0 

Bound  di-at.  sp. 

29 

®^Rb 

? 

? 

8"Rb 

? 

7 

133  Cs 

<0 

<0  (r«.>0) 

Cs  fountain 

16 

The  sign  of  the  scattering  length  for  the  doubly-polarized  F  =  F>  =  /  +  2 
Cs  ground  state,  as  determined  recently  from  the  first  measurements  of  the  Cs 
fountain  frequency  shifts  (see  above)  is  negative.  Contrary  to  atomic  hydrogen, 
there  exists  a  second  promising  trappable  hyperfine  state  in  the  alkalis:  the 
upper  state  of  the  lower  hyperfine  manifold  F<.  This  low-field  seeking  state 
exists  only  for  nuclear  spin  I  larger  than  1/2  (see  Fig.  4). 


FIGURE  4.  Presence  of  an  ultrastable  weak-field  seeking  state  in  Cs 
in  the  lowest  manifold,  absent  in  H 


B.  J.  Verhaar  361 


It  is  a  very  attractive  candidate  for  achieving  BEC,  since  the  inelastic  de¬ 
cay  of  the  density  is  suppressed  at  low  B  by  a  strong  centrifugal  barrier,  only 
weakly-exothermal  /  =  2  final  channels  being  available  [19], [20],  [21].  In  the 
case  of  Cs  this  3,-3  state  is  also  predicted  to  have  a  negative  scattering  length 
[16].  However,  an  interesting  resonance  structure  in  the  theoretical  field  depen¬ 
dence  is  predicted  to  exist  (see  Fig.  5),  which  can  be  exploited  experimentally: 
it  is  expected  that  for  suitable  field  strengths  in  the  center  of  the  trap  scatter¬ 
ing  Feshbach  resonances  occur  with  which  a  positive  sign  can  be  realized  [21]. 


FIGURE  5.  Resonance  structure  in  decay  rate  of  trapped  hyperfine 
state  jP,  mj?  =  3,  —3  of  Cs  (schematic) 


In  the  environment  of  such  a  resonance  the  elastic  S-matrix  element  has  the 
approximate  form  of  a  background  and  a  resonance  contribution: 


5,=o(fc,B)  =  e-"‘*“«+e 


•2ikao 


Eo(B)-E-lir{k,By 

with  Eo{B)  the  field-dependent  energy  of  the  resonance  relative  to  threshold. 
Taking  into  account  that  the  resonance  width  is  proportional  to  k,  we  find  also 
for  the  scattering  length  a  sum  of  a  background  and  a  resonance  contribution: 


a{B)  =  ao~ 


(10) 


Eo{By 

with  C  a  positive  constant.  Since  the  quasi-bound  Feshbach  state  arises  from 
the  promotion  of  at  least  one  atom  to  the  upper  manifold,  for  which  the 
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Zeeman  splitting  is  opposite,  the  resonance  energy  is  expected  to  cross  the 
threshold  from  above,  so  that  we  get  the  schematical  behavior  presented  in  Fig. 
6:  at  resonance  the  scattering  length  decreases  through  ±00  for  increasing  B. 
This  applies  when  B  is  in  the  low-field  seeking  interval  for  the  F<,mF  = 
state.  Outside  this  interval  the  situation  can  be  different  [28] 


FIGURE  6.  Expected  background  +  resonance  behavior 
of  scattering  length.  Change  of  sign  near  resonance  energy. 


This  behavior  is  in  agreement  with  the  general  expectation  for  a  resonance 
state  crossing  threshold  into  the  bound  spectrum.  An  interesting  possibility 
thus  presenting  itself  is  a  transition  from  the  stable  to  the  unstable  regime  by 
a  small  change  of  the  field  in  the  center  of  the  trap.  The  width  of  the  stronpr 
resonances  is  sufficient  to  select  a  single  sign,  or  alternatively  to  change  the  sign 
over  part  of  the  sample.  Also,  a  time- varying  magnetic  field  in  the  vicinity  of  a 
resonance  would  be  possible,  giving  rise  to  a  condensate  which  is  only  unstable 
during  a  limited  time,  thus  enabling  one  to  study  the  time- dependence  of  the 
collapse  for  negative  a.  The  present  experimental  data  do  not  allow  to  predict 
the  positions  of  such  resonances  reliably  [16].  Note  that  for  a  doubly-polarized 
state  ^-dependent  resonances  do  not  exist. 

"^Li  and  ^^Na  are  other  examples  for  which  the  presently  available  experi¬ 
mental  data  allow  a  determination  of  the  sign  of  the  triplet  scattering  length 
and  that  for  the  alternative  F<  hyperfine  state.  In  both  cases  we  applied  a 
new  method  to  find  the  scattering  length  by  extrapolating  spectroscopic  data 
on  the  highest  bound  di-atom  states  to  the  continuum.  We  used  the  simple 
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fact  that  the  difference  between  bound  and  continuum  radial  wave  functions 
in  a  small  range  of  energies  around  =  0  is  very  small  up  to  a  rather  large 
radius  Rq.  Within  Rq  the  detailed  shape  of  the  potential  is  irrelevant.  The 
only  relevant  information  is  the  cumulated  information  contained  in  the  phase 
of  the  rapidly  oscillating  wave  function  at  Rq.  We  determined  this  from  the 
energy  differences  of  the  highest  bound  states.  Combining  this  with  the  (dis¬ 
persion)  potential  outside  Rq^  which  is  generally  known  more  reliably  from 
ab-initio  calculations,  (signs  of)  scattering  lengths  could  be  obtained,  [29]  [28] 
yielding  for  the  first  time  definite  predictions  for  alkali  atoms  on  which  some 
of  the  BEC  experiments  are  concentrating.  For  Na,  for  instance,  we  found  in 
this  way  [28]  +76  <  ax  <  +185ao  and  +22  <  as  <  +24ao,  taking  in  both 
cases  the  dispersion  parameters  from  [30]. 


OPTICAL  COLLISIONS 


All  examples  discussed  in  the  foregoing  dealt  with  collisions  between  atoms 
which  remain  in  the  electronic  ground  state  during  the  complete  collision. 
Strong  interest  exists  presently  for  collisions  (sometimes  called  ’’optical  colli¬ 
sions”)  between  atoms  in  a  near-resonant  red-detuned  laser  field,  which  causes 
one  of  the  colliding  atoms  to  be  excited  to  an  -C^jr^  attractive  potential  curve 
near  the  Condon  point  rc  during  the  collision.  Owing  to  the  low  collision 
velocity  the  probability  of  spontaneous  emission  during  the  same  collision  is 
comparable  to  1,  analogous  to  the  situation  in  thermal  neutron  scattering  by 
atomic  nuclei  studied  in  the  fifties.  This  complicates  the  theoretical  description 
considerably. 

The  first  treatment  of  optical  collisions,  containing  the  essential  physics,  was 
proposed  by  Gallagher  and  Pritchard  [31]  (see  also  Ref.  [32]).  It  treated  the 
heavy-particle  motion  classically  and  the  laser  excitation  by  a  local  equilibrium 
model.  Much  of  the  subsequent  theoretical  work  has  been  done  by  Julienne 
and  co-workers  (see  the  review  [2]).  They  improved  the  electronic  part  of  the 
problem  by  means  of  a  quantummechanical  Optical  Bloch  Equation  description 
of  the  internal  states,  based  on  a  2  x  2  density  matrix 


Pee{r{t))  Pe3{r{t))  ^ 
P9e{r{t))  PggHt))  )  ’ 


(11) 


thus  treating  the  nuclear  motion  classically. 

Measured  trap  loss  coefficients  have  been  shown  to  be  in  agreement  with 
these  models  within  a  factor  of  two  to  three  for  Cs,  Na  and  Li,  and  with  a 
larger  discrepancy  for  Rb  (see  summary  in  Ref.  [33]). 
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The  first  fully  quantum  mechanical  treatment  was  presented  by  Boesten  et 
al.  [34],  calculating  the  losses  to  first  order  in  the  laser  intensity.  It  is  based 
on  a  time-independent  Schrodinger  equation,  taking  the  spontaneous-emission 
loss  of  coherent  flux  in  the  excited  channel  into  account  by  an  irnaginary 
absorptive  term.  The  linear-intensity  limit  is  not  an  essential  restriction  com¬ 
pared  with  the  QBE  method:  the  latter  would  have  to  include  a  number  of 
coupled  hyperfine  states  of  the  ground-state  and  excited  channel  and  a  number 
of  coupled  excited  electronic  states  for  a  calculation  at  higher  intensities  to  be 
meaningful.  Moreover,  an  extension  of  the  single- manifold  coupled-channel 
description  with  one  or  more  additional  incoherent  lower  manifolds  is  feasible. 
It  is  emphasized  that  the  single-manifold  description  of  Ref.  [34]  is  rigorous 
to  first  order  in  the  laser  intensity  at  arbitrarily  low  energies,  in  contrast  to  a 
statement  by  Suominen  et  al.  [35]:  there  is  no  perturbation  type  of  argument 
involved  in  its  justification  [36]. 

The  central  result  of  Ref.  [34]  was  a  "quantum  suppression”  of  atom  losses 
for  sub-mK  energies.  It  is  related  to  the  rapidly  growing  difference  in  local 
wavelength  of  the  radial  wavefunctions  in  the  ground-state  and  excited  chan¬ 
nels  with  decreasing  R  left  of  the  Condon  point,  due  to  the  fact  that  the 
nuclear  kinetic  energy  is  no  longer  large  compared  to  the  difference  in  the 
channel  potentials.  This  precludes  the  application  of  the  classical  limit  to  the 
coupled  problem  [38].  Wave  packets  in  the  two  channels  thereby  separate  too 
rapidly  to  justify  the  assumption  of  a  common  classical  position,  which  reduces 
effectively  the  coupling  between  the  two  channels. 

In  several  more  recent  publications  a  more  complete  picture  of  optical  col¬ 
lisions  was  obtained  [37]  [35]  [39]  [33].  In  the  first  of  these  references  the 
suppression  was  shown  to  decrease  rapidly  with  increasing  detuning.  Further¬ 
more,  a  simple  picture  for  optical  collisions  was  presented  which  agrees  closely 
with  the  quantummechanical  calculations  for  arbitrary  single  partial  waves 
and  thus  for  the  sum  over  partial  waves.  The  probability  for  the  atomic  sys¬ 
tem  to  remain  in  the  excited  state  was  written  as  a  product  of  a  Landau- Zener 
factor  for  excitation  and  a  WKB  survival  factor.  Finally,  this  paper  contained 
a  comparison  of  this  simple  picture  with  fully  quantum  mechanical  results  and 
with  the  Gallagher-Pritchard  and  QBE  descriptions. 

In  Ref.  [35]  similar  conclusions  with  respect  to  the  Landau- Zener  treatment 
were  reached  independently  for  s-wave  scattering  by  a  different  fully  quantum 
mechanical  method:  the  Quantum  Monte  Carlo  approach.  Essentially,  it  solves 
the  equation  for  the  full  quantum  density  matrix  including  the  translation  by 
a  Monte  Carlo  state  vector  method  analogous  to  the  highly  successful  single¬ 
atom  treatment  including  driving  fields  and  dissipation.  If  it  turns  out  to  be 
practically  possible  to  extend  the  calculations  to  higher  intensities,  a  complete 
comparison  between  theory  and  experimental  collisional  loss  rates  would  be 
achievable,  thus  shedding  light  on  the  above  discrepancies  with  experiment 
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which  is  after  all  the  main  stimulus  for  improvement  of  the  theoretical  de¬ 
scriptions.  It  is  not  clear  presently  whether  the  needed  computational  effort 
would  be  less  than  that  required  for  the  above-mentioned  extension  of  the 
single-manifold  calculation  of  Ref.  [34] . 

An  important  recent  development  is  the  technique  of  photoassociation  spec¬ 
troscopy,  first  proposed  by  Thorsheim  et  al.  [40]  and  in  the  meantime  observed 
by  several  groups  [41]  [42]  [43]  [44].  It  is  a  high  resolution  probe  of  molecu¬ 
lar  rovibrational  states  formed  by  photoexciting  two  colliding  cold  atoms.  A 
landmark  in  the  theoretical  analysis  of  such  spectra  is  a  recent  publication  by 
Napolitano  et  al.  [45].  It  deals  with  the  asymmetric  lineshapes  observed  as 
a  function  of  the  laser  frequency  and  with  their  Breit-Wigner  resonance  de¬ 
scription.  For  these  and  related  recent  developments  I  refer  to  D.J.  Heinzen’s 
lecture  at  this  conference. 
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Abstract.  Two  recent  developments  in  ultracold  atomic  collision  physics  are 
discussed.  The  first  is  the  "optical  shielding"  of  ultracold  atomic  collisions  by 
optical  radiation  that  is  tuned  to  the  blue  of  an  atomic  resonance.  This  radiation 
couples  a  pair  of  colliding  atoms  to  repulsive  excited  states  and  prevents  their 
close  approach.  This  effect  may  substantially  suppress  inelastic  collision  rates, 
and  is  an  interesting  example  of  the  control  of  a  cold  collision  process  by  a  weak 
perturbing  field.  The  second  topic  is  ultracold  atom  photoassociation 
spectroscopy.  In  this  work,  high  resolution  free-bound  absorption  spectra  are 
obtained  which  provide  detailed  information  on  the  long-range  states  of  the  two 
interacting  atoms.  The  physics  of  these  states  has  an  appealing  simplicity,  and  in 
addition  is  of  importance  for  a  complete  understanding  of  the  effects  of  atomic 
interactions  in  cold  atom  experiments.  The  photoassociation  spectra  also  provide 
a  unique  probe  of  cold  collisions. 


INTRODUCTION 

Recent  advances  in  laser-cooling  and  trapping  have  opened  up  the  new  field 
of  ultra-cold  (T  <  1  mK)  atomic  collision  physics  (1,2).  This  field  has  attracted 
considerable  interest,  largely  because  ultracold  collisions  exhibit  novel  features 
related  to  their  low  relative  velocity  and  long  duration.  For  example,  these 
collisions  are  very  sensitive  to  weak  interactions,  and  to  the  long-range  part  of  the 
interatomic  potential.  Also,  few  partial  waves  may  contribute  to  the  collisions, 
and  the  deBroglie  wavelength  of  the  colliding  atoms  may  be  much  greater  than 
the  range  of  the  interatomic  potential.  Other  unusual  features  arise  because  the 
duration  of  the  collision  may  be  much  longer  than  the  spontaneous  emission 
lifetime.  In  this  case  the  atom  may  be  repeatedly  optically  excited  and  de-excited 
during  the  collision.  Understanding  the  physics  of  such  an  "open”  collision  system 
presents  a  significant  challenge. 
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Aside  from  their  fundamental  interest,  ultracold  collisions  can  play  a  dominant 
role  in  applications  of  ultracold  atoms.  For  example,  collisional  frequency  shifts 
may  limit  the  accuracy  of  cold  atomic  clocks  (3),  or  of  searches  for  permanent 
electric  dipole  moments  of  laser  cooled  atoms  (4).  The  density  and  lifetime  of 
trapped  atoms  can  be  limited  by  inelastic  collisions  which  transfer  sufficient 
energy  to  the  atoms  to  eject  them  from  the  trap  (1,2).  Inelastic  collisions  which 
do  not  lead  to  trap  loss  can  heat  trapped  atoms.  Finally,  cold  collisions  are  crucial 
to  efforts  to  achieve  Bose-Einstein  condensation  in  an  ultracold  atomic  gas;  for 
a  successful  experiment,  the  ratio  of  elastic  to  inelastic  collisions  must  be  very 
favorable  (5). 

Another  reason  for  the  interest  in  ultracold  collisions  is  that  data  from  these 
experiments  provides  information  on  the  long-range  interactions  between  atoms, 
and  also  on  purely  atomic  properties.  This  information  can  be  difficult  to  obtain 
with  conventional  methods.  In  particular,  the  newly  developed  technique  of  cold 
atom  photoassociation  spectroscopy  is  proving  to  be  a  powerful  probe  of  long- 
range  interactions  between  atoms  (6-12).  With  this  technique,  the  free-bound 
absorption  rate  of  pairs  of  colliding  atoms  is  monitored  as  a  function  of  the 
frequency  of  an  optical  field.  This  directly  yields  the  spectrum  of  excited,  weakly 
bound  states,  and  the  long-range  interaction  potentials.  These  long-range  states 
are  of  interest  in  their  own  right,  and  exhibit  a  variety  of  interesting  behaviors 
related  to  the  recoupling  of  atomic  angular  momenta,  to  retardation  effects,  and 
to  nonadiabatic  effects  (13-20).  The  photoassociation  spectra  also  provide  a 
unique  probe  of  cold  collisions.  For  example,  the  lineshapes  and  peak  heights  of 
these  spectra  directly  give  the  distribution  of  energy  and  angular  momentum  states 
participating  in  the  collisions. 

Another  important  recent  development  has  been  the  experimental  realization  of 
the  "optical  shielding"  of  ultracold  collisions  (21,22).  In  these  experiments,  a 
blue-detuned  laser  couples  the  ground  state  of  the  collision  to  a  repulsive  excited 
potential.  This  prevents  the  close  approach  of  the  atoms  and  may  suppress 
inelastic  collisions  as  a  result.  It  also  provides  an  interesting  example  of  the 
control  of  a  cold  collision  process  by  a  weak  perturbing  field. 

In  this  article,  we  discuss  the  new  developments  of  optical  shielding  and  of 
ultracold  atom  photoassociation  spectroscopy.  Several  important  related  topics  are 
not  included  but  are  well-treated  in  recent  review  articles  (1,2).  In  particular, 
purely  ground  state  ultracold  collisions  have  been  studied;  these  are  reviewed  in 
references  1  and  2  and  in  the  contribution  of  B.  J.  Verhaar  to  these  proceedings. 
Also,  trap  loss  collisions  have  been  extensively  studied,  and  are  reviewed  in 
references  1  and  2,  We  briefly  note  here  one  important  development  that  has 
taken  place  since  the  publication  of  these  reviews:  fully  quantum  mechanical 
calculations  of  the  optical  excitation  of  colliding,  ultracold  atoms  have  been 
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carried  out,  using  either  a  complex  potential  (23-25)  or  a  quantum  Monte-Carlo 
wavefunction  approach  (26,27).  These  calculations  show  that  earlier  semiclassical 
calculations  can  seriously  overestimate  trap  loss  collision  rates,  particularly  at  low 
temperature  (23).  This  shows  that  to  some  extent  earlier  qualitative  agreement 
between  semiclassical  calculations  and  experiments  (1,2)  was  fortuitous. 
However,  these  calculations  have  also  substantiated  the  validity  of  other 
semiclassical  approaches,  including  one  based  on  a  simple  Landau-Zener 
approximation.  The  quantum  Monte-Carlo  wavefunction  calculations  also  give  the 
spreading  of  the  atomic  momentum  distribution  due  to  long-range  ultracold  optical 
collisions  (27). 


OPTICAL  SHIELDING  OF  ULTRA-COLD  COLLISIONS 

One  of  the  most  interesting  aspects  of  ultracold  atomic  collisions  is  the 
possibility  that  these  collisions  might  be  controlled  with  weak  perturbing  fields. 
For  instance,  the  scattering  lengths  and  collision  cross  sections  of  ground  state 
atoms  can  be  modified  by  a  weak  magnetic  field  (28).  Another  idea,  which  has 
now  been  realized  experimentally  (21,22),  is  that  of  "optical  shielding".  By 
illuminating  the  atoms  with  a  laser  field  that  is  tuned  to  the  blue  of  the  atomic 
resonance,  it  is  possible  to  form  a  repulsive  barrier  at  long  range.  This  "shields" 
the  collision  in  the  sense  that  the  atoms  are  prevented  from  reaching  small 
separation  where  most  inelastic  mechanisms  occur.  This  shielding  can  in  principle 
substantially  reduce  the  rate  of  ground  state  inelastic  collisions  such  as  hyperfine 
changing  collisions  of  alkali  atoms  (1,2).  In  fact,  a  substantial  reduction  in  the 
rate  of  Penning  ionization  collisions  of  trapped  metastable  Xe  atoms  by  optical 
shielding  has  been  observed  (22),  and  is  discussed  in  the  contribution  of  W.  D. 
Phillips  to  these  proceedings. 

The  concept  of  optical  shielding  is  illustrated  in  Fig.  1,  in  a  simplified  two 
level  approximation.  Two  atoms  approach  each  other  on  a  ground  state  potential 
curve.  The  atoms  are  illuminated  by  a  laser  field  of  frequency  that  is  tuned  to 
the  blue  of  the  |S)  ^  |P)  transition,  where  |S)  and  |P}  denote  the  ground  and 
excited  atomic  states.  The  excited  atoms  experience  a  resonant  dipole  interaction 
of  the  form  V(R)  =  +  C3/R^  where  the  sign  and  magnitude  of  C3  depend  on  the 
electronic  wavefunction  symmetry  (18).  By  comparison  the  ground  state  potential 
is  relatively  flat.  The  laser  field  couples  the  ground  state  to  the  repulsive  excited 
potential  in  the  vicinity  of  the  Condon  point  R^.  As  shown  in  Fig.  1(a),  at  low 
intensity  the  shielding  can  be  thought  of  as  due  to  the  diversion  of  flux  from  the 
ground  state  channel  to  the  excited  state,  after  which  the  atoms  roll  down  the 
repulsive  potential.  Of  course,  this  is  itself  an  inelastic  collision  and  may  lead  to 
trap  loss  if  the  kinetic  energy  acquired  is  greater  than  the  trap  depth  (29). 
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FIGURE  1.  Optical  shielding  of  ultracold  collisions,  (a)  Flux  incident  on  the  ground  state 
potential  is  diverted  onto  a  repulsive  excited  potential,  (b)  Dressed-state  view  of  the 
same  process,  making  clear  the  possibility  of  elastic  reflection  at  R^. 


At  higher  laser  intensities  a  dressed  state  model  is  more  appropriate,  as  is 
shown  in  Fig.  1(b).  An  avoided  crossing  between  the  dressed  atom-field  states 
occurs  at  separation  R,.  The  atoms  are  incident  from  the  right  on  the  |S+S,  N) 
channel,  where  N  denotes  the  number  of  photons  in  the  laser  mode.  It  is  apparent 
that  the  atoms  may  either  be  transmitted  to  short  distance  on  the  |S+S)  ground 
state  potential,  be  transferred  to  the  |S+P)  potential  as  discussed  above,  or 
adiabatically  follow  their  potential  and  be  elastically  reflected.  In  the  latter  case 
a  repulsive  wall  is  effectively  formed  at  Rc  on  the  ground  state  potential,  and 
there  is  the  intriguing  possibility  that  the  collision  might  become  entirely  elastic 
at  high  laser  intensity.  It  is  also  interesting  that  this  provides  a  mechanism  to 
control  the  ground  state  scattering  length. 


The  first  experimental  evidence  for  optical  shielding  was  obtained  by  Marcassa 
et  al  (21).  In  their  work,  laser-cooled  Na  atoms  trapped  in  a  magneto-optical  trap 
(MOT)  collide  in  the  presence  of  a  tunable  probe  laser  field  of  frequency  cOp  and 
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FIGURE  2.  (a)  Ion  production  rate  as  a  function  of  probe  laser  frequency  for  the 
experiment  of  Marcassa  et  aL,  with  {dotted  line)  and  without  (full  line)  the  suppression 
laser  frequency  u)^  present.  The  atomic  resonance  frequency  is  near  ujy.  Optical 
shielding  is  evident  for  probe  laser  detunings  between  -600  and  -1500  MHz.  (b) 
Theoretical  shielding  factor  as  a  function  of  laser  power  for  three  different 
temperatures.  (From  Ref.  21.) 


a  second  laser  field  at  fixed  frequency  coj,.  The  second  field  functions  as  the 
shielding  laser  and  has  a  detuning  A/27r  =  600  MHz  and  intensity  0.8  W/cm^. 
The  combination  of  the  probe  laser  and  an  additional  laser  frequency  induces 
photoassociative  ionization  (PAI)  at  a  distance  Rp  <  R^.  This  consists  of  the 
double  excitation  process  |S+S)  ^  |S-i-P)  ^  |P+P)  followed  by  autoionization 
of  the  doubly  excited  state.  Thus  the  rate  of  ion  production  is  proportional  to  the 
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number  of  atoms  reaching  internuclear  separation  R^.  PAI  is  the  collisional 
process  which  is  to  be  suppressed  by  the  shielding  laser. 

Fig.  2(a)  shows  the  observed  ionization  signal  vs.  probe  laser  detuning,  once 
with  the  shielding  laser  frequency  Ws  turned  on  and  once  with  it  turned  off.  When 
the  probe  laser  is  tuned  more  than  600  MHz  to  the  red  of  the  atomic  resonance 
a  shielding  of  the  collision  (reduced  PAI)  is  observed  at  the  level  of  about  30%. 
(For  smaller  probe  laser  detunings,  the  Condon  point  Rp  for  probe  absorption  lies 
outside  Re,  and  the  PAI  is  not  shielded  but  actually  enhanced.)  Calculations  of  the 
flux  that  penetrates  to  Rp  on  the  ground  state,  normalized  to  the  incident  flux,  are 
shown  in  Fig.  2(b)  for  several  different  temperatures  as  a  function  of  laser  power, 
for  a  detuning  of  -600  MHz.  Both  a  semiclassical  Landau-Zener  and  a  quantum 
mechanical  calculation  are  shown,  and  agree  fairly  well  with  each  other.  Also, 
the  predicted  shielding  of  27  to  45%  at  1  W/cm^  is  in  agreement  with  the 
observed  shielding.  An  extension  of  this  theoretical  work  has  recently  been 
carried  out  (30). 

A  related  experiment  has  been  reported  by  Bali  et  al,  (29).  They  measure  the 
loss  of  *^Rb  atoms  from  a  magneto-optical  trap  induced  by  a  blue-detuned  probe 
laser  beam  of  frequency  This  laser  couples  the  ground  state  of  colliding  *^Rb 
atoms  to  repulsive  excited  states  as  shown  in  Fig.  1.  The  detuning  of  the  probe 
laser  from  atomic  resonance  is  10  GHz,  which  is  large  enough  that  the  kinetic 
energy  gained  by  a  pair  of  atoms  rolling  down  the  repulsive  excited  potential  is 
sufficient  to  eject  them  from  the  trap.  The  probe-induced  loss  rate  of  atoms  from 
the  trap  is  <i3n>,  where  n  is  the  density  and  the  brackets  denote  a  spatial 
average  over  the  trap.  Their  measured  loss  rate  coefficient  0  is  shown  in  Fig.  3 
as  a  function  of  probe  laser  intensity.  At  low  intensities  the  loss  increases  linearly 
with  intensity.  This  loss  results  from  the  excitation  to  the  repulsive  state. 
However,  at  higher  intensities,  the  loss  rate  decreases  with  increasing  intensity. 
This  is  due  to  the  onset  of  elastic  reflection  of  the  atoms  along  the  ground  state 
potential.  The  solid  line  shows  the  result  of  a  semiclassical  calculation  based  on 
a  Landau-Zener  model.  The  model  takes  into  account  crossings  with  all  four 
repulsive  electronic  states  that  are  optically  coupled  to  the  ground  state. 
Reasonable  agreement  between  the  model  and  experiment  is  obtained,  further 
confirming  the  validity  of  the  Landau-Zener  theory. 

The  practical  limits  to  optical  shielding  have  not  yet  been  established.  Detailed 
quantum  mechanical  calculations  of  the  optical  shielding  process  have  been 
carried  out  that  include  the  effects  of  spontaneous  emission  (30).  These 
calculations  show  that,  within  a  two-level  approximation,  it  is  possible  in 
principle  to  obtain  nearly  complete  shielding  and  very  low  diffusive  heating  at  the 
same  time.  However,  the  validity  of  the  two-level  approximation  needs  to  be 
examined.  In  particular,  the  laser  field  can  couple  angular  momentum  state  J 
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FIGURE  3.  Measured  rate  coefficient  for  the  loss  of  atoms  from  a  magneto-optical 
trap,  induced  by  a  probe  laser  tuned  1 0  GHz  to  the  blue  of  atomic  resonance.  The  solid 
curve  is  the  result  of  a  calculation  based  on  a  Landau-Zener  model  of  the  excitation 
(From  Ref.  29.) 


according  to  the  selection  rule  J  ■«’  J  ±  1 ,  so  that  in  reality  successively  higher 
angular  momentum  states  are  coupled  together  (30).  A  number  of  issues, 
including  this  angular  momentum  "ladder  climbing",  require  further  investigation. 


ULTRA-COLD  PHOTOASSOCIATION  SPECTROSCOPY. 


A  dramatic  possibility,  first  discussed  in  detail  by  Thorsheim,  Weiner,  and 
Julienne  (6),  is  that  colliding,  ultracold  atoms  can  display  a  resolved 
photoassociation  spectrum.  As  illustrated  in  Fig.  4,  photoassociation  is  the  process 
A  +  B  +  fioi^  AB*,  in  which  a  colliding  pair  of  atoms  A  and  B  absorbs  a 
photon  of  frequency  to  produce  a  bound  excited  molecule  AB*.  As  Wl  is  tuned, 
resonant  absorption  peaks  occur  when  matches  the  energy  difference  between 
bound  excited  molecular  states  and  the  initially  free  state.  A  crucial  point  is  that 
the  energy  spread  of  the  initial  collisional  state  is  so  small  at  low  temperature 
(e.g.  kaT/h  =  21  MHz  at  T  =  1  mK)  that  the  free-bound  absorption  lines  can 
have  a  sharpness  comparable  to  those  normally  associated  with  spectroscopy 
between  bound  states. 

Photoassociation  spectroscopy  has  now  been  realized  with  laser-cooled,  trapped 
Rb  (7,8),  Na  (9,  10,  11),  and  Li  (12)  atoms.  The  photoassociation  spectra  provide 
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FIGURE  4.  Cold  atom  photoassociation.  Colliding  atoms  incident  on  the  ground  state 
potential  are  excited  by  a  laser  of  frequency  to  bound  excited  states.  At  low 
temperature,  the  photon  absorption  rate  exhibits  a  highly  resolved  peak  when  is 
tuned  across  a  particular  free-bound  transition.  The  triplet  states  of  Rb2  are  shown  in 
this  example.  The  solid  oscillating  curve  shows  the  square  of  an  approximate  radial 
wave  function  u(R)  of  the  colliding  atoms.  (From  Ref.  7). 


a  wealth  of  information  on  the  long-range  interactions  between  the  cold  atoms. 
This  information  is  very  timely,  since  it  may  help  to  determine  the  role  these 
interactions  play  in  collisional  trap  loss,  cold  atom  frequency  standards,  efforts 
to  observe  Bose-Einstein  condensation,  and  other  cold  atom  experiments.  The 
technique  is  also  complementary  to  conventional  methods.  Because  the  initial  state 
is  formed  in  a  collision,  both  singlet  and  triplet  states  may  be  probed.  Also,  it  is 
well  suited  to  probing  highly  excited,  long  range  molecular  states  which  are 
difficult  to  reach  with  conventional  bound-bound  molecular  spectroscopy. 
(Multiphoton  techniques  to  do  this  have  been  developed  in  some  cases  (31).) 

All  of  the  experiments  carried  out  thus  far  probe  long-range  alkali  excited 
molecular  states  that  correlate  to  the  ^Si/2  +  ^Pi/2  and  ^Si/2  +  separated  atom 
limits.  The  physics  of  these  long  range  states  is  of  interest  in  its  own  right,  and 
is  appealing  in  its  simplicity  (13-18).  At  short  distance  the  states  are  well 
described  by  the  usual  Hund’s  case  "a"  labels.  But  at  a  range  of  about  20  ao,  the 
atomic  electronic  angular  momenta  begin  to  recouple.  For  separations  larger  than 
20  ao  the  Hamiltonian  is  fairly  well  approximated  by  the  sum  of  the  separate 
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FIGURE  5.  Long-range  states  of  Rb2  asymptotic  to  the  5^Si/2  +  5^Pi/2  and  5^Si/2  + 
5^P3/2  limits.  These  curves  are  of  the  form  given  by  Movre  and  Pichler  (14). 


atomic  spin-orbit  interactions  and  the  resonant  dipole  interaction  between  the 
atoms.  The  eigenvalues  and  eigenstates  of  this  Hamiltonian  take  a  simple  form 
(14)  and  are  shown  in  Fig.  5  for  the  case  of  Rb2.  All  the  alkalis  show  curves  of 
a  similar  structure.  The  states  are  labelled  by  Hund’s  case  "c"  quantum  numbers 
where  Q  gives  the  projection  of  total  electronic  angular  momentum  onto 
the  internuclear  axis.  For  still  larger  separations  of  several  hundred  ao,  the 
nuclear  and  electronic  angular  momenta  within  the  atoms  recouple,  the  Hund’s 
case  "c"  quantum  numbers  lose  their  validity,  and  the  potential  curves  exhibit  a 
complex  hyperfine  structure  (20)  (sometimes  referred  to  as"hyperfine  spaghetti"). 
Nonadiabatic  effects  can  be  important  in  the  hyperfine  recoupling  region,  and 
retardation  effects  are  important  at  very  long  range.  Another  interesting  feature 
is  the  potential  wells  that  exist  for  the  upper  Og"  and  middle  states.  These  arise 
from  avoided  crossings  with  the  lower  Og"  and  1^  states.  These  "pure  long-range 
states"  (15)  lie  entirely  outside  the  range  of  an  ordinary  chemical  bond,  and  their 
bound  levels  had  not  previously  been  seen  experimentally. 

Several  methods  to  detect  the  photoassociation  resonances  have  been  used.  One 
method  which  is  possible  in  principle  is  to  monitor  directly  the  fluorescence  from 
the  AB*  excited  state  (6),  but  to  our  knowledge  this  has  not  been  tried  yet.  A 
method  which  has  been  applied  in  Na,  Rb,  and  Li,  is  to  monitor  the  loss  of  atoms 
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from  the  trap.  This  loss  occurs  because  the  excited  AB*  molecule  decays 
predominantly  to  free  states  with  a  kinetic  energy  that  is  too  large  to  remain 
trapped.  Some  fluorescence  may  also  occur  to  bound  molecular  ground  states;  this 
also  effectively  results  in  the  loss  of  atoms  from  the  trap.  This  increased  loss  rate 
results  in  fewer  trapped  atoms,  which  is  detected  as  a  reduced  laser  induced 
fluorescence  signal.  The  advantages  of  the  trap  loss  method  are  its  relative 
simplicity  and  generality.  Its  primary  disadvantage  is  that  it  is  not  a  zero- 
background  technique.  The  dynamic  range  is  limited,  and  the  photoassociation 
rate  must  be  comparable  to  the  other  loss  rates  in  the  trap  or  the  signals  will  be 
difficult  to  detect. 

Another  detection  technique  which  has  been  used  in  the  Na  experiments  is  to 
photo-ionize  the  AB*  excited  molecule  and  to  detect  the  resulting  AB"^  molecular 
ion.  The  ionization  may  either  occur  by  direct  excitation  to  the  ion,  AB*  AB"^ 
+  e",  or  by  excitation  to  an  autoionizing  doubly  excited  state,  AB*  ^  AB**  ^ 
AB"^  +  e".  This  technique  has  the  advantage  of  high  sensitivity,  low  background, 
and  wide  dynamic  range.  With  suitable  lasers  it  is  presumably  also  a  fairly 
general  technique. 

A  typical  photoassociation  spectrum  that  was  recorded  in  our  laboratory 
is  shown  in  Fig.  6.  In  this  experiment  (7),  laser-cooled  ^^Rb  atoms  are  trapped 
in  a  far-off  resonance  optical  dipole  force  trap  (FORT)  (32).  The  FORT  consists 
of  a  single,  linearly  polarized,  TEMoo-mode  Gaussian  laser  beam  focussed  to  a 
waist  Wo  =  10.2  ±  1.2  jim.  Its  power  is  between  1.3  and  1.6  W,  its  linewidth 
0.4  cm"^,  and  its  wavelength  \  between  798  nm  and  860  nm.  The  FORT 
contains  about  3,000  atoms  at  a  density  of  about  1  X  10‘^  cm"^  and  a 
temperature  of  0.4  to  0.7  mK.  In  order  to  record  this  spectrum,  the  FORT  laser 
is  tuned;  that  is,  the  same  laser  both  traps  the  atoms  and  induces  the 
photoassociation  transitions.  When  the  laser  is  tuned  to  a  strong  photoassociation 
resonance  the  atomic  density  decays  with  a  volume-averaged  initial  decay  rate  of 
</?n>  =  20  s-^  which  corresponds  to  a  photoassociative  rate  coefficient  (3 
between  1.4  X  10“‘‘  and  1.7  x  10“*^  cmVs.  The  data  are  recorded  with  the  trap- 
loss  technique.  In  Fig.  6,  the  signal  is  proportional  to  the  number  of  trapped 
atoms,  with  increasing  signal  plotted  downward  from  origin  at  the  top  of  the 
graph. 

Remarkably,  a  spectrum  consisting  of  more  than  150  well-resolved  lines  is 
observed,  spanning  the  range  from  80  to  940  cm~‘  below  the  5^Si/2  +  5^Pi/2 
dissociation  limit.  The  density  of  lines  in  the  spectrum  increases  as  the 
dissociation  limit  is  approached,  as  expected  from  the  roughly  1/R^  form  of  the 
potentials  (33).  Also,  the  intensity  of  the  lines  increases  as  the  dissociation  limit 
is  approached,  which  is  expected  because  the  free-bound  Franck-Condon  factors 
become  larger  and  because  the  atomic  density  in  the  trap  increases.  The  most 
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FIGURE  6.  Photoassociation  spectrum  of  ®^Rb2  for  very  large  detunings  below  the  5^Si/2 
+  5^Pi/2  limit.  The  inset  dashed  and  solid  curves  show  the  approximate  variations  in 
the  Franck-Condon  factors  associated  with  the  1g  and  0g“  series,  respectively.  The 
5^S,/2  5^Pi/2  atomic  transition  occurs  at  12578.9  cm~\  (From  Ref.  7.) 


Striking  features  of  the  spectrum  are  the  two  regular  vibrational  series  labelled  by 
the  solid  and  dashed  vertical  lines  in  Fig.  6.  These  series  have  been  assigned  to 
the  (lower)  Og"  and  Ig  potentials  shown  in  Figs.  4  and  5,  both  of  which  connect 
to  the  ^Eg"^  potential  at  short  range.  These  two  series  account  for  about  65%  of 
the  identifiable  lines.  Some  of  the  remaining  lines  have  been  assigned  to 
levels  on  the  basis  of  high  resolution  spectra,  while  others  remain  unassigned. 

A  further  very  noticeable  feature  of  the  spectrum  is  the  oscillation  in  the 
intensity  of  the  lines,  as  illustrated  by  the  inset  curves  of  Fig.  6  for  the  0g“  and 
Ig  series.  These  oscillations  arise  from  the  variation  in  Franck-Condon  factors, 
and  their  periodicity  is  governed  by  the  ground  state  wavefunction.  Roughly 
speaking,  if  the  outer  turning  point  of  the  excited  vibrational  level  lies  above  an 
anti  node  in  the  initial  ground  state  wavefunction  u(R),  the  Franck-Condon  factor 
will  be  large  (dashed  line  "A"  of  Fig.  4).  At  a  slightly  lower  energy  the  outer 
turning  point  will  lie  above  a  node  in  u(R)  and  the  Franck-Condon  factor  will  be 
small  (dashed  line  "N"  of  Fig.  4).  In  this  way  a  further  lowering  of  the  energy 
will  produce  a  series  of  maxima  and  minima  that  effectively  maps  out  the 
oscillations  in  the  ground  state  wavefunction. 
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FIGURE  7.  High-resolution  photoassociation  spectrum  of  ®^Rb2.  (a)  Extended  scan  over 
the  range  within  35  cm"-^  of  the  the  5^Si/2  +  5^P3/2  dissociation  limit.  The  solid  lines 
give  the  positions  of  the  1g  levels,  the  dashed  lines  give  the  positions  of  the  0^^  levels, 
and  the  dots  give  the  positions  of  the  first  70  levels  belonging  to  the  0^“  "pure  long 
range"  state,  (b)  Expanded  view  of  a  single  0/  and  vibrational  level,  (c)  Expanded 
view  of  the  V  =  0  vibrational  level  of  the  Og"  state.  (From  Ref.  8.) 


With  the  single  laser  technique  described  above,  we  were  unable  to  obtain  high 
resolution  spectra  or  to  probe  states  much  closer  than  50  cm“^  to  the  Rb2* 
dissociation  limit.  This  is  because  the  single  laser  must  be  strong  enough  to  trap 
the  atoms  at  high  density,  which  tends  to  power  broaden  and  saturate  the 
resonances.  More  recently  we  have  developed  a  new  technique  which  solves  this 
problem.  We  use  one  fixed  frequency  FORT  laser  beam  to  trap  the  atoms,  and 
superimpose  on  the  trap  a  separate,  tunable,  1  MHz  linewidth  probe  laser  beam 
to  drive  the  photoassociation  resonances.  This  allows  us  to  tune  the  probe  laser 
to  any  desired  wavelength  and  power,  while  at  the  same  time  maintaining  a  strong 
trap.  The  FORT  laser  is  tuned  to  12289  cm"‘,  which  is  between  two  well- 
resolved  photoassociation  resonances,  and  is  rapidly  alternated  in  time  with  the 
probe  laser  to  eliminate  power  broadenings  and  shifts. 
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Using  this  method,  we  have  recorded  the  photoassociation  spectrum  within 
35  cm“^  of  the  5^Si/2  +  dissociation  limit,  as  shown  in  Fig.  7.  Except  for 
the  addition  of  the  probe  laser,  the  experimental  conditions  are  similar  to  those 
of  Fig.  6.  The  probe  laser  intensity  is  changed  in  several  discrete  steps  from  2 
kW/cm^  at  the  low  frequency  end  of  the  plot  to  1  W/cm^  at  the  high  frequency 
end.  Three  vibrational  series  are  observed,  which  are  associated  with  the  three 
attractive  potentials  of  Fig.  5  just  below  +  ^P3/2  that  are  optically  coupled 
to  the  ground  state.  Resolved  vibrational  levels  of  the  and  Ig  potentials  are 
observed  from  the  low  end  of  the  scan  to  within  0.3  cm~^  of  the  dissociation 
limit.  In  addition,  we  observe  the  first  70  vibrational  levels  of  the  0g“  pure  long- 
range  state.  These  series  also  exhibit  Franck-Condon  factor  oscillations.  The  last 
few  resolved  levels  have  outer  turning  points  of  200  -  250 

Each  of  the  three  states  shows  a  distinctive  substructure.  In  Fig.  7(b)  we  show 
a  high  resolution  scan  over  a  Ou"^  and  a  Ig  vibrational  level.  The  O^"^  level  is 
featureless  and  broad,  due  to  fine  structure  predissociation  to  ^Si/2  +  ^Pi/2.  The 
width  of  this  state  gives  a  direct  measure  of  a  Landau-Zener  curve  crossing 
probability  that  is  important  to  the  understanding  of  fine  structure  changing 
collisions  (18,34).  On  the  other  hand,  the  Ig  state  exhibits  hyperfme  structure.  Its 
overall  width  is  consistent  with  a  calculated  1.4  GHz  hyperfme  splitting  in  the  Ig 
potential  curves,  (20,35)  together  with  some  additional  rotational  structure.  The 
21  most  strongly  bound  0g“  vibrational  levels  exhibit  a  simple  rotational 
spectrum,  as  shown  for  the  v  =  0  level  in  Fig.  7(c).  For  v  >  20  a  more  complex 
structure  is  observed,  which  is  not  understood  at  present.  The  rotational  spectrum 
is  cut  off  at  J  =  7,  because  at  these  energies  photoassociation  occurs  inside  the 
ground  state  centrifugal  barrier  at  100  -  150  Uq  which  excludes  higher  angular 
momentum  states.  Because  J  =  7  is  the  highest  observed  rotational  level,  i  =  5 
is  the  highest  partial  wave  that  contributes  to  the  collision. 

The  Franck-Condon  factor  oscillations  and  the  rotational  line  intensities  and 
lineshapes  contain  detailed  information  on  the  ground  state  potential  (7,36).  We 
have  obtained  photoassociation  spectra  of  the  lower  Og"  state  with  doubly  spin 
polarized  ^^Rb  atoms,  which  results  in  certain  simplifications  of  interpretation.  An 
analysis  of  this  data  yields  the  ^^Rb  ground  state  triplet  scattering  length  and  Cg 
coefficient,  as  well  as  other  information  on  the  cold  collisional  process  (37). 

We  have  compared  the  binding  energies  and  rotational  constants  of  the  Og”  pure 
long-range  state  with  those  of  a  very  simple  model,  as  shown  in  Fig.  8.  The 
potential  is  taken  to  be  V(R)  =  Vmp(R)  -  C^/R^  where  Vj^p  is  the  form  of  the 
potential  given  by  Movre  and  Pichler  (14).  Its  only  parameters  are  the  square  of 
the  atomic  dipole  matrix  element,  which  we  take  to  be  d^  =  8.90  (eao)^  from  the 
weighted  average  of  measured  5-P3/2  atomic  lifetimes  (38),  and  the  measured  fine 
structure  splitting.  The  term  -C5/R^  models  in  an  approximate  way  the 
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FIGURE  8.  Binding  energies  and  rotational  constants  for  the  first  21  Og  levels  shown 
in  Fig.  7,  The  dashed  line  shows  the  theoretical  calculation  of  Ref.  17,  and  the  solid 
line  shows  the  prediction  of  a  simple  modification  of  the  Movre  and  Pichler  potential 
(14).  The  residuals  show  the  deviation  of  the  solid  line  from  the  data. 


contributions  of  the  dispersion  interactions  (16),  and  we  take  =  10,825  a.u, 
which  provides  a  good  fit  and  is  within  the  range  of  predicted  values  of  Cs  (16). 
Excellent  agreement  is  obtained  from  such  a  simple  model  -  the  binding  energies 
are  correct  to  within  0.012  cm“'  out  of  more  than  10  cm“^  A  more  precise 
analysis  is  in  progress  from  which  it  should  be  possible  to  extract  an  accurate 
value  for  d^  and  for  the  Rb  atomic  lifetime.  The  advantage  of  the  Og"  state  is  that 
the  analysis  does  not  depend  on  poorly  known  short  distance  potentials.  The  most 
serious  limitation  appears  to  be  uncertainties  in  the  dispersion  interaction 
coefficients.  A  new  calculation  of  these  coefficients,  in  progress  (39),  may  help 
to  alleviate  this  difficulty. 

Very  similar  results  have  been  obtained  in  Na  by  Lett  and  collaborators  (10, 
11).  Na  atoms  trapped  in  a  MOT  at  a  temperature  of  <  500  fxK  and  a  density  of 
10^®  cm"^  were  illuminated  by  a  tunable  probe  laser  beam.  The  probe  laser  drives 
the  two  step  process  Na(3^Si/2)  +  Na(3^Si/2)  ^  Na2*(fig/u^^“)  Na2’^  +  e".  The 

second  step  is  without  significant  structure,  so  the  ion  production  rate  displays 
photoassociation  resonances  that  are  associated  with  the  first  step.  Early  work 
provided  well-resolved  spectra  of  the  middle  Ig  state  over  the  range  within  3cm"* 
of  the  ^Si/2  +  ^^3/2  dissociation  limit  (10). 
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FIGURE  9.  Photoassociation  spectrum  of  Na2.  Trap  loss  signals  similar  to  those  shown 
in  Figs.  6  and  7  for  Rb  are  shown  on  the  top  curves.  The  lower  curve  shows  the 
ionization  rate,  which  is  proportional  to  the  photoassociation  rate.  {From  Ref.  1 1). 


In  more  recent  work,  a  "dark  spot"  MOT  (40)  was  applied  to  these 
measurements  (11).  This  trap  provides  a  significantly  higher  density  and  greater 
signal  levels.  Spectra  were  obtained  over  a  much  greater  range  of  detuning  of  170 
cm"^  A  typical  spectrum  is  shown  in  Fig.  9.  The  top  curve  show  a  trap  loss 
spectrum.  The  lower  curve  shows  the  ionization  signal.  As  for  the  Rb  spectrum, 
the  three  allowed  states  U,  0g“,  and  0^^  are  clearly  identified.  For  small 
detunings  from  atomic  resonance,  the  L  state  exhibits  hyperfine  structure. 
However  this  state  connects  adiabatically  to  the  ^Ilg  state  at  short  range,  and 
therefore  as  the  detuning  is  increased  the  hyperfine  structure  diminishes,  and  the 
vibrational  levels  show  clean  rotational  series.  The  rotational  series  span  the  range 
from  J  =  1  to  J  =  4.  From  this,  one  can  conclude  that  the  d-wave  is  the  highest 
partial  wave  that  contributes  to  these  collisions. 

The  measured  rotational  constants  are  shown  in  Fig.  10.  By  is  the  rotational 
constant  derived  from  the  splitting  between  peaks  with  rotational  quantum 
numbers  i  and  j,  ignoring  centrifugal  and  lineshape  distortions  (36).  The  solid  line 
of  Fig.  10  shows  the  result  of  adiabatic  potential  calculations  by  Williams  and 
Julienne  (20).  Excellent  agreement  with  the  theory  is  obtained. 

With  very  high  resolution  the  photoassociation  resonances  exhibit  asymmetric 
lineshapes  (8, 1 1).  An  analysis  of  the  photoassociation  lineshapes  obtained  in  Ref. 
11  has  been  carried  out  by  Napolitano  and  collaborators  (36).  The  results  are 
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FIGURE  10.  Rotational  constants  derived  from  Naj  photoassociation  spectra  for  the 
state.  The  solid  line  shows  a  theoretical  prediction.  (From  Ref.  1 1 .) 


shown  in  Fig.  11.  The  data  shows  high-resolution  scans  of  the  J  =  1,  2,  3,  and 
4  peaks  of  the  ^IT/v  =  48)  vibrational  level,  plotted  on  a  logarithmic  scale.  The 
solid  curves  show  the  lineshapes  calculated  using  a  resonant  scattering  formalism 
(36).  Residual  hyperfine  structure  is  evident  in  the  rotational  peaks,  and  is 
reasonably  well  reproduced  by  the  theory.  The  peaks  all  show  an  exponential  tail 
for  red  laser  detuning.  Similar  tails  have  been  observed  in  Rb2  (8).  This 
corresponds  to  the  excitation  of  higher  energy  atoms,  in  which  the  atoms’  kinetic 
energy  brings  the  free-bound  transition  into  resonance  with  the  red  shifted  laser. 
This  exponential  tail  essentially  follows  the  Boltzmann  energy  distribution  of  the 
laser-cooled  atoms.  The  temperature  may  be  derived  from  these  lineshapes,  but 
the  whole  lineshape  must  be  fit  rather  than  just  the  tail  if  accurate  temperatures 
are  to  be  obtained  (36).  The  temperature  assumed  for  the  solid  curves  in  the 
figure  is  600  ptK,  which  is  in  reasonable  accord  with  the  expected  temperature. 

The  onsets  to  the  blue  side  of  the  peak  illustrate  Wigner  threshold  law  behavior 
for  low  energy  collisions  (36).  That  is,  for  sufficiently  small  collision  energy  e, 
we  expect  an  optical  excitation  rate  that  for  a  given  f  scales  as  e(2f+i)/2  p^j.  g. 
waves,  a  very  sharp  onset  is  expected,  whereas  for  higher  partial  waves  the  onset 
is  increasingly  gradual.  Evidence  of  this  behavior  may  be  seen  in  the  data,  since 
the  sharp  edge  on  the  right  of  the  J  =  2  peak  is  known  from  the  calculation  to 
arise  from  an  s-wave  feature,  whereas  the  more  gradual  onset  on  the  right  side 
of  the  J  =4  peak  arises  from  a  d-wave  feature.  These  lineshape  effects 
significantly  shift  the  peaks  from  the  rotational  line  position  corresponding  to  zero 
kinetic  energy,  and  must  be  taken  into  account  in  an  accurate  rotational 
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FIGURE  1 1 .  Lineshapes  of  single  rotational  lines  for  the  v  =  48  vibrational  level  of  the 
Naa  ’rig  state.  The  data  shows  the  ion  signal  vs.  laser  tuning  recorded  in  the  experiment 
of  Ref.  1 1 .  The  solid  curves  show  the  lineshapes  calculated  from  a  resonance 
scattering  formalism.  (From  Ref.  36.) 


analysis.  It  is  also  of  interest  that  the  lineshapes  are  very  sensitive  to  the  ground 
state  potential  (36).  The  rotational  peak  height  and  lineshape  analysis  provide  a 
beautiful  example  of  the  detailed  information  that  photoassociation  spectra  provide 
both  on  long-range  atomic  interactions  and  on  the  cold  collisions  themselves 
(36,37). 

A  third  example  of  photoassociation  spectroscopy  is  the  work  of  Me  Alexander 
and  collaborators  (12).  They  measured  the  photoassociation  spectrum  of  Li2  using 
the  trap  loss  technique  in  a  MOT.  The  results  of  the  experiment  are  shown  in 
Fig.  12.  Owing  to  the  small  fine  structure  of  Li,  the  Hund’s  case  "a”  labels  are 
valid  even  at  relatively  large  internuclear  separation.  Two  clear  vibrational  series 
are  observed,  the  strongest  of  which  is  associated  with  the  state,  and  which 
spans  a  range  of  binding  energies  up  to  90  cm 

Li2  has  several  features  that  simplify  the  analysis  of  these  spectra  relative  to  the 
heavier  alkalis.  Accurate  RKR  potentials  and  ab-initio  potentials  exist  which  span 
the  short  range  part  of  the  curve.  Also,  dispersion,  spin  orbit,  and  hyperfine 
interactions  play  a  reduced  role  in  the  Li  spectra.  The  arrows  below  the  spectra 
show  the  energy  levels  calculated  from  a  model  potential,  the  most  important 
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FIGURE  12.  Photoassociation  spectrum  of  Lis-  Vibrational  series  of  the  and  ^1/ 
potentials  are  visible.  The  inset  shows  a  high-resolution  scan  over  a  single  vibrational 
level  (From  Ref.  1  2.) 


parameter  of  which  is  the  atomic  dipole  matrix  element,  or  equivalently  the  Li 
atomic  lifetime.  An  analysis  shows  that  this  data  can  be  used  to  determine  the  Li 
lifetime  to  an  accuracy  of  at  least  0.4%  (12).  It  should  be  possible  to  derive 
accurate  lifetimes  for  all  of  the  alkalis  from  photoassociation  spectra.  Although 
it  is  possible  to  obtain  approximate  matrix  elements  or  lifetimes  by  considering 
only  the  long-range  part  of  the  potential  (33,  8,  10),  for  a  very  accurate  lifetime 
determination  the  whole  potential  must  be  accounted  for,  as  in  the  analysis  as  of 
Ref.  12. 
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CONCLUSION 

There  has  been  a  great  deal  of  progress  in  the  field  of  ultracold  collisions  over 
the  past  several  years.  In  addition  to  new  studies  of  trap  loss  and  ground  state 
collisions  not  addressed  in  this  article,  the  first  steps  towards  the  control  of  cold 
collisions  have  been  taken  in  the  form  of  the  optical  shielding  experiments,  and 
the  new  technique  of  photoassociation  spectroscopy  has  been  developed.  Similarly 
many  new  developments  should  occur  over  the  next  several  years.  Certainly  the 
one-laser  photoassociation  spectroscopy  of  the  alkalis  and  the  corresponding 
analysis  of  their  interactions  should  advance  substantially.  It  also  seems  likely  that 
double  resonance,  free-bound-bound  photoassociation  spectroscopy  will  be 
developed,  which  should  provide  access  to  higher  excited  states  or  direct  access 
to  the  ground  states.  In  fact,  some  work  on  higher  excited  states  and  preliminary 
experiments  on  ground  states  has  already  been  carried  out  (41).  Further,  it  is 
clear  that  photoassociation  produces  some  ground  state  ultracold  molecules,  and 
that  these  molecules  could  be  held  in  a  dipole  or  a  magnetic  trap  (6,7).  If  such 
cold,  trapped  molecules  could  be  produced  in  sufficient  numbers  and  detected,  it 
could  lead  the  way  towards  studies  of  ultracold  molecular  interactions.  Other 
directions  that  are  of  interest  include  studies  of  optical  shielding  in  the  high 
intensity  limit,  or  the  control  of  cold  collisions  by  a  magnetic  field  (28).  Lower 
temperature  experiments  might  more  clearly  reveal  quantum  threshold  behaviors 
(2).  Because  of  these  and  numerous  other  interesting  problems  and  directions  that 
have  been  suggested  (1,2),  ultracold  atomic  collision  physics  should  continue  to 
be  a  challenging  and  dynamic  area  of  investigation. 
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ABSTRACT 

Abstract  Atomic  hydrogen  is  an  important  model  system  for  the  investigation  of 
the  properties  of  ultra-cold  gases.  We  summarize  the  current  experimental  situation 
for  magnetically  confined  hydrogen,  putting  emphasis  on  recent  optical  experiments 
with  Lyman- q:  radiation.  As  the  research  is  aimed  at  gas-phase  properties,  the 
samples  are  studied  at  densities  where  interatomic  collisions  are  frequent  and  internal 
thermal  equilibrium  may  be  assumed.  Interestingly,  although  optically  thick,  the 
samples  still  may  be  cooled  with  light.  We  discuss  both  Doppler  cooling  and  light 
induced  evaporative  cooling. 


INTRODUCTION 

‘Nearly  ideal  gases’  serve  as  important  model  systems  in  statistical  physics. 
They  enable  an  accurate  microscopic  description  of  complicated  many-body 
behavior.  For  classical  systems  this  has  been  established  in  detail  during  the 
development  of  the  kinetic  theory  of  gases.  For  quantum  systems  the  situa¬ 
tion  is  different.  Although  the  canonical  treatments  of  degenerate  quantum 
behavior  in  fluids  start  with  a  discussion  of  the  nearly  ideal  gases,  in  this  case 
even  a  single  example  of  such  behavior  in  gases  is  absent  [l].  Not  surprisingly, 
interesting  properties  of  nearly  ideal  quantum  gases  have  remained  untested. 
This  holds  in  particular  for  optical  properties. 

In  this  lecture  we  discuss  the  case  of  spin-polarized  atomic  hydrogen  , which 
is  the  best-documented  example  of  a  nearly  ideal  Bose  gas  [2,  3,  4].  Aside  from 
the  statistics,  quantum  gases  are  characterized  by  the  condition 

A  >  Ro  (1) 

where  A  =  IrnksT/^^  is  the  thermal  de  Broglie  wavelength  (with  m 

the  atomic  mass  and  T  the  temperature)  and  Rq  is  the  characteristic  radius 
of  interaction  between  the  atoms.  For  hydrogen  A  55  nm  at  T  =  1  mK. 
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Condition  (1)  defines  the  3-wave  scattering  regime,  where  binary  collisions  may 
be  described  asymptotically  with  a  relative  wavefunction  of  the  type  ^(r)  ~ 
(1  —  tt/r).  The  parameter  a  is  the  3- wave  scattering  length;  for  spin-polarized 
hydrogen  a  ^  0.72  A.  Bose  gases  are  ‘nearly  ideal’  provided  that 

na^  <  1,  (2) 

where  n  is  the  gas  density.  Here,  a  is  assumed  to  be  positive;  for  a  <  0  the 
gas  is  unstable  against  collapse.  In  the  thermodynamic  properties  quantum 
corrections  show  up  for  nA^  ^0.1.  Thus  far,  quantum  gases  have  only  been 
investigated  in  the  regime  of  quasi-classical  statistics 

nA^  «  1.  (3) 

To  observe  perhaps  the  most  intriguing  phenomena  in  ultra- cold  gases,  de¬ 
generate  quantum  behavior  -  in  particular  Bose-Einstein  condensation  (BEC), 
higher  densities  or  lower  temperatures  are  required.  The  critical  density  for 
BEC  in  a  dilute  Bose  gas  is  given  by  the  expression  ricA^  ~  2.612.  Hence  for  H 
at  T  =  30  /iK  one  should  reach  ric  10^"^  cm"^.  Note  that  with  these  numbers 
the  conditions  (1)  and  (2)  are  extremely  well  satisfied. 

H  is  created  by  dissociation  of  H2.  In  this  process  ground  state  atoms  are 
produced  in  all  four  hyperfine  states,  labeled  a,  6,  c  and  d  in  order  of  increasing 
energy.  Only  atoms  in  the  c  and  d  states  (spin-up  polarized  hydrogen,  H|)  are 
low-field- seeking  and  can  be  confined  in  magnetostatic  traps.  Such  traps  are 
formed  by  a  local  minimum  in  the  modulus  of  a  static  magnetic  field.  Atoms 
in  the  a  and  b  states  (spin-down-polarized  hydrogen,  H|)  are  driven  toward 
high  fields  where  they  can  be  confined  with  liquid  helium  covered  surfaces.  The 
spin-polarization  impedes  the  formation  of  molecules  and  results  in  metastable 
samples  that  can  be  studied  for  periods  of  seconds  to  hours,  depending  on  the 
density.  H  has  been  studied  intensively  since  1979  [5].  Over  the  last  decade  the 
advent  of  laser  cooling  has  resulted  in  several  new  quantum  gases,  in  particular 
alkali  systems.  Many  more  are  to  follow.  AU  these  systems  are  metastable. 
Hydrogen  stands  out  among  these  gases  as  the  system  which  is  best  suited  for 
theoretical  analysis. 


TRAPPING  ATOMIC  HYDROGEN 

Surface-free  confinement  of  H|  in  a  magnetostatic  trap  was  proposed  by 
Hess  [6]  and  first  demonstrated  at  MIT  [7]  and  in  Amsterdam  [8].  The  ap¬ 
proach  of  Hess  exploits  the  anomalously  small  adsorption  energy  of  H  to  the 
surface  of  liquid  helium  (ea/^s  ~  1  K).  This  allows  a  cryogenic  filling  method 
in  which  heat  exchange  with  the  surrounding  walls  serves  to  carry  away  the 
heat  of  trapping.  The  experimental  arrangement  used  in  Amsterdam  [9,  10]  is 
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Figure  1:  Schematic  drawing  of  the  trap  configuration  used  in  Amsterdam.  Shown 
are  the  experimental  cell  and  the  confinement  coils  with  corresponding  field  profile. 
Solid  line:  field  on  the  2  axis;  dashed  line:  field  6  mm  ofF-axis. 

shown  in  Fig.l.  A  cold  puff  of  H  gas  emerging  from  an  rf  dissociator  operated 
at  0.6  K  distributes  itself  over  the  experimental  cell  according  to  its  spin  po¬ 
larization.  The  H|  collects  in  the  trapping  region  surrounded  by  He  covered 
walls.  Once  the  density  is  sufficiently  high  to  result  in  frequent  interatomic 
collisions,  atoms  start  to  be  trapped.  Those  atoms  emerging  from  a  collision 
with  low  kinetic  energy  are  trapped  whereas  the  coUision  partners  carry  away 
the  excess  energy.  Optical  access  is  provided  by  a  MgF2  window  sealing  off 
the  experimental  cell.  The  cryogenic  filling  method  enables  large  filling  fluxes 
as  compared  to  the  optical  methods  used  to  trap  alkali  atoms  and  is  therefore 
especially  suited  to  produce  thermal  gas  samples. 

In  thermal  equilibrium  under  condition  (3)  the  density  distribution  of  H| 
may  be  written  as 

n(r,T)  =  ?ioexp[-t/p(r)//sBT]  ,  (4) 

where  no  is  the  density  in  the  center  of  the  trap  and  Up{v)  is  the  trapping 
potential.  The  effective  volume  occupied  by  the  gas  is  Vi^  =  /[n(r)/no]dr  = 
iV/no,  where  N  is  the  total  number  of  trapped  atoms.  Vie  decreases  with 
decreasing  T,  reflecting  the  compression  of  the  gas  towards  the  trap  center 
upon  cooling.  Similarly  to  Vie  one  may  define  the  effective  sample  radius  i?ie 
and  length  Li^.  For  a  typical  configuration  used  in  Amsterdam  and  T  = 
100  mK,  we  have  Vie  ~  0-25  cm^,  Lu  ~  4  cm  and  J?ie  ~  0.1  cm.  Hence  the 
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samples  have  a  pencil-like  shape. 

The  trapped  samples  always  remain  dilute  from  a  gas  coUisional  point  of 
view.  With  an  elastic  (.s-wave)  cross  section  (Xei  =  =  1.3  X  10  cm  , 

even  for  the  highest  densities  achieved  with  trapped  H  (no  ^  10^"^  cm“^)  the 
coUisional  mean  free  path  ic  =  (no<Jei)  ^  ~  7.5  cm  and  we  have 

ic  >  i^le.  (5) 

Although  the  gas  is  dilute,  the  elastic  coUision  time  of  the  atoms  in  the  trap 
is  short  in  comparison  to  the  experimental  time  scale  riab, 

Tc  <  Tiab-  (^) 

This  is  an  essential  condition  for  thermalization  of  the  gas.  The  thermalization 
rate  is  of  the  order  of  the  collision  rate  per  atom  -  noWei,  where  v  == 
[SfcsjT/Trm]^/^  is  the  average  thermal  speed.  For  no  =  10^^  cm  ^  and  for 
T  =  100  mK  we  have  Tc  ^  1  s. 

STABILITY  OF  Hf  GAS 

The  processes  that  limit  the  stability  of  gaseous  Hf  were  analyzed  and 
calculated  in  detail  by  Kagan  et  al  [11],  Lagendijk  et  al  [12]  and  Stoof  et  al  [13]. 
The  main  causes  for  decay  are  spin  exchange  and  magnetic  dipolar  interactions 
between  the  atoms.  Spin  exchange  is  most  efficient  (provided  the  hyperfine 
mixing  angle  is  not  too  smaU)  but  only  leads  to  relaxation  in  coUisions  between 
two  c  state  atoms.  For  c-d  collisions  spin-exchange  only  proceeds  via  odd 
partial  waves  which  are  not  populated  under  condition  (1).  Hence,  in  the 
case  of  d-d  and  c-d  collisions,  relaxation  proceeds  more  slowly  because  it  is 
induced  by  the  relatively  weak  dipolar  interaction.  This  implies  a  preferential 
depletion  of  the  c-state  component  and  ultimately  leads  to  a  pure  d-state  gas 
[12].  For  a  pure  d-state  sample  the  decay  rate,  ~  no{Gdd)^  where  {Odd} 
is  the  loss  rate  constant  for  dipolar  relaxation  averaged  over  the  trap.  For 
the  trap  used  by  Setijaei  a/.[10]  with  no  =  lO^'^  cm"^  and  T  -  10  mK  the 
average  yields  {Gdd)  ^  2  X  lO'^^  cmVs  and  ^  1000  s.  For  spin-exchange 
in  a  pure  c-state  gas  under  the  same  conditions  {Gcc)  ~  10  cm  /s  and 
Tex  ~  20  s.  The  dipolar  relaxation  rate  has  been  established  experimentaUy 
by  Van  Roijen  et  al  [8]  and  Masuhara  et  al  [14].  The  spin  exchange  rates  have 
not  been  measured  in  magnetic  traps,  thus  far. 

Comparing  the  dipolar  decay  rate  with  the  elastic  collision  rate  it  is  clear 

that 

Tc  <  Tdip^ 

Hence,  thermal  equilibrium  can  be  achieved  without  a  severe  loss  of  sample. 
This  condition  is  expected  to  remain  satisfied  even  down  to  1  /xK. 
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EVAPORATIVE  COOLING 

Hess  et  al.  [7]  allowed  atoms  to  escape  from  a  magnetostatic  trap  across  a 
magnetic  potential  energy  barrier  of  height  etr  =  tj^bT.  It  was  established, 
by  measuring  the  quantity  of  gas  remaining  in  the  trap  after  a  certain  holding 
time,  that  this  procedure  causes  the  gas  to  cool  to  a  temperature  well  below 
the  temperature  of  the  surrounding  walls.  This  method,  in  which  the  most 
energetic  atoms  are  preferentially  removed  from  the  gas,  is  known  as  evapo¬ 
rative  cooling^  and  was  also  proposed  in  ref.  [6].  To  ensure  that  the  atoms  are 
removed  at  high  enough  energy,  p  should  be  chosen  sufficiently  large.  As  the 
evaporation  rate  is  given  by  ~  it  is  possible  to  remove  the  atoms 

under  quasi- equilibrium  conditions,  slow  in  comparison  to  the  elastic  collision 
rate  (thermalization)  but  fast  as  compared  to  the  dipolar  decay  rate 

Tc  <  Te  <  Tdip.  (8) 

Magnetic  relaxation  leads  to  heating  because  the  atoms  preferentially  relax 
near  the  center  of  the  trap  where  the  density  is  highest  and  are  hence  removed 
at  lower  than  average  potential  energy.  For  a  fixed  Ctr  value  77  increases  with 
decreasing  temperature  and  the  evaporation  rate  is  suppressed  exponentially 
until  the  cooling  stops  at  a  temperature  where  the  cooling  due  to  evaporation 
is  balanced  by  the  relaxation  heating.  In  the  experiments  of  Hess  et  al.  [7]  this 
point  was  reached  at  T  =  40  mK.  The  dynamics  of  this  type  of  evaporative 
cooling  was  studied  optically  by  Luiteneta/.  [9]. 

To  assure  evaporation  at  a  constant  rate  while  the  temperature  is  decreas¬ 
ing,  Ctr  has  to  be  ramped  down  in  order  to  keep  rj  constant.  This  procedure  was 
introduced  by  Masuhara  et  al.  [14]  and  is  known  as  forced  evaporative  cooling. 
The  method  was  further  investigated  by  Doyle  et  al.  [15]  who  also  reported  the 
highest  density  achieved  with  this  method  no  =  8  x  10^^  cm”^  at  T  ~  0.1  mK 
[16].  This  corresponds  to  nA^  ^  0.4,  within  one  order  of  magnitude  from  the 
degenerate  quantum  regime. 

OPTICAL  EXPERIMENTS 

Optical  spectroscopy  of  Ht  in  magnetostatic  traps  was  introduced  by  Luiten 
et  al.[9]  in  Amsterdam,  thus  enabling  the  in  situ  determination  of  no  and  T  of 
the  trapped  gas.  Optical  excitation  of  Hj  involves  Lyman-a  (L^)  transitions 
from  the  1^5i/2  electronic  ground  state  to  the  2^P  excited  states,  with  an 
energy  separation  of  10.2  eV.  The  corresponding  wavelength  —  121.56  nm  is 
located  in  the  vacuum  ultraviolet  (VUV)  part  of  the  spectrum  and  puts  severe 
practical  limitations  on  the  experimental  possibibties  [17,  18].  The  light  source 
used  in  Amsterdam  [9,  10]  is  based  on  non-resonant  third- harmonic  generation 
of  La  using  frequency-doubled  pulse- amplified  light  from  a  tunable  cw  dye-laser 
operated  at  729.4  nm.  The  amplifiers  are  pumped  by  a  XeCl  excimer  laser.  A 
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detailed  description  is  given  elsewhere  [19].  The  source  yields  typically  2  x  10® 
La  photons  per  10  ns  pulse  in  a  100  MHz  bandwidth  at  a  repetition  rate 
of  50  Hz  (  10"®  duty  cycle).  The  light  polarization  is  adjustable.  About 

3  X  10“^  photons/pulse  reach  the  sample.  For  a  beam  of  1  mm  in  diameter 
this  corresponds  to  a  pulse  intensity  of  0.25  W  cm"^  well  below  the  saturation 
level  of  3.6  W  cm"^  for  the  La  transitions.  Spectra  are  recorded  by  sweeping 
the  frequency  of  the  dye-laser  and  observing  the  transmission  of  the  La  light 
with  a  GaAsP  photodiode  in  the  experimental  cell  (at  T  <  0.2  K). 

In  a  magnetic  trap  the  Zeeman  effect  lifts  the  degeneracies  of  the  IS  and  2P 
levels  and  causes  the  transition  frequency  to  become  position  dependent.  For 
a  magnetically  trapped  gas  this  results  in  inhomogeneous  broadening  of  the 
spectral  lines.  Further  broadening  is  caused  by  the  Doppler  effect  as  a  result 
of  the  thermal  motion  of  the  trapped  atoms.  Starting  from  the  hyperfine  d 
state  there  are  five  allowed  electric  dipole  transitions,  labeled  ai,  tti,  <T2,  7^2 
and  (73  in  the  notation  of  Hijmans  et  a/.  [18].  The  broadening  mechanisms  in 
combination  with  the  total  absorption  enable  the  determination  of  both  no  and 
T  by  absorption  spectroscopy  at  least  down  to  a  few  millikelvin.  As  the  gas 
is  spin-polarized,  the  transition  probabilities  depend  on  the  angle  between  the 
wavevector  ka  and  the  direction  of  the  B(r)  field  as  well  as  on  the  polarization 
vector  of  the  incident  light.  Both  the  amplitude  and  the  polarization  of  the 
light  change  while  propagating  through  the  sample.  In  this  paper  we  emphasize 
optical  cooling  in  hydrogen  rather  than  the  hydrogen  spectroscopy.  We  discuss 
both  Doppler  cooling  and  light-induced  evaporative  cooling. 

DOPPLER  COOLING 

Doppler  cooling  of  Hj  was  demonstrated  by  Setija  e/  a/.[l0]  using  a  single 
beam  of  Lyman-a  radiation  from  the  pulsed  narrow  band  VUV  light  source, 
described  above,  for  cti  excitation.  The  cti  transition  =  2  ^ 

2^^372, mj  =  |)  provides  a  closed  optical  pumping  cycle  (for  d-state  atoms). 
All  other  La  transitions  have  branching  ratios  that  lead  to  HJ,  and  escape  from 
the  trap.  To  minimize  the  optical  pumping  losses  the  cri  transition  is  spectrally 
isolated  from  the  other  transitions  by  applying  a  small  offset  field  Ho  =  0.1  T 
at  the  center  of  the  trap.  Moreover,  circularly  polarized  light  is  used.  We  es¬ 
timate  the  optical  pumping  loss  for  d-state  atoms  to  be  0.3  %  per  scattered 
photon. 

As  is  already  clear  from  the  description  of  the  light  source,  Doppler  cooling 
of  Hf  differs  in  several  ways  from  the  usual  implementation  of  Doppler  cooling 
in  ultra- cold  gases.  Doppler  cooling  of  Ht  is  only  done  with  trapped  gas.  The 
loading  is  done  by  cryogenic  methods.  The  cryogenic  environment  provides 
the  the  best  conceivable  background  vacuum  and  enables  long  trapping  times. 
As  the  gas  is  trapped  anyhow,  unusually  long  Doppler  cooling  times  (up 
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to  15  minutes)  are  available.  This  allows  the  use  of  pulsed  light  with  a  duty 
factor  ~  10®  times  smaller  than  typical  in  experiments  with  alkali  atoms.  The 
cryogenic  filling  method  yields  high  densities  of  trapped  gas,  uq  —  10^^  — 
lO^'^cm"^.  At  such  densities  condition  (6)  is  satisfied,  Tc  tdj  which  means 
that,  during  Doppler  cooling,  we  have  a  quasithermal  gas.  A  nice  feature  of  the 
slow  cooling  is  that  T  and  no  can  be  followed  while  the  gas  cools.  The  trapped 
situation  and  the  typical  densities  also  allow  the  use  of  only  a  single  beam 
of  Lq;  radiation,  relying  on  thermabzing  collisions  to  assure  three  dimensional 
cooling.  Interestingly,  as  the  duration  of  the  pulses  is  long  in  comparison 
to  natural  lifetime  the  cooling  process  may  stiU  be  described  as  if 

we  were  dealing  with  cw  radiation,  accounting  for  the  pulsed  character  of  the 
light  by  multiplying  the  pulse  intensity  with  the  experimental  duty  factor. 

To  describe  laser  cooling  of  we  use  the  approach  of  Wineland  and  Itano 
[20],  who  described  Doppler  cooling  of  a  thermal  gas  of  neutral  atoms  with 
a  single  beam  of  cw  radiation  at  an  intensity  far  below  the  saturation  limit. 
Many  aspects  of  their  approach  apply  to  our  experimental  situation.  However, 
for  our  case  we  have  to  deal  with  atoms  in  an  inhomogeneous  magnetic  field 
and  with  optically  thick  samples. 

To  find  the  Doppler  cooling  rate  one  has  to  determine  the  change  in 
internal  energy  of  the  gas  per  scattered  photon.  If  the  density  of  the  gas  is 
sufficiently  low, 

'ioA®  <  1,  (9) 

polariton  effects  may  be  neglected  [21]  and  the  change  in  internal  energy  can 
be  obtained  with  the  expressions  for  conservation  of  energy  and  momentum  in 
the  scattering  of  a  photon  from  an  isolated  atom.  As  =  Aa/27r  is  very  small, 
in  the  case  of  hydrogen  the  isolated  atom  approximation  only  breaks  down  for 
no  ^  10^^  cm“^,  well  above  the  densities  employed  in  our  cooling  experiments. 
The  energy  change  of  an  isolated  atom,  averaged  over  all  scattering  angles  is 
then  AEkin  =  —  =  2jE',.  +  ^k-v,  where  v,  k  and  lo  —  c|k|  are  respectively 

the  velocity  of  the  atom,  the  photon  wavevector  and  the  resonant  frequency  in 
the  laboratory  reference  frame,  before  scattering;  u;'  is  the  photon  frequency 
after  scattering.  Ej.  =  ^^|k|^/27n  is  the  photon  recoil  energy  (for  hydrogen, 
Er/ks  =  0.64  mK).  Integrating  over  the  total  volume  of  the  gas  the  total  rate 
of  change  of  internal  energy  U  of  the  gas  due  to  Doppler  cooling  is  given  by 
the  following  expression. 


J7(u),T)  =  2Er 


J(r,c..r) 

hu> 


ksT  d  \ 

h  doj  J 


crv^(r,a;,T)n(r,  T)  d^r 


(10) 


where  (T^(r,a?,T)  is  the  Doppler  broadened  absorption  cross  section  (Voigt  line- 
shape  -  see  [22])  of  an  atom  at  position  r  and  the  function  /(r,a;,T)  describes 
the  intensity  profile  of  the  light  beam.  Note  that  the  intensity  at  site  r  depends 
on  the  extinction  and  therefore  on  the  frequency  of  the  incident  radiation  u 
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and  the  sample  temperature  T.  In  general  /(r,a;,T)  has  to  be  obtained  from 
a  numerical  solution  of  the  equations  describing  the  propagation  of  the  elec¬ 
tromagnetic  field  through  the  sample.  The  first  term  in  Eq.(lO)  describes 
the  recoil  heating,  i.e.,  the  total  absorption  rate  times  2Er.  The  second  term 
describes  the  Doppler  cooling  rate  of  a  thermal  sample,  which  is  seen  to  be 
proportional  to  the  derivative  of  the  lineshape  day  jdLo.  To  have  cooling  at 
site  r  one  should  have  daviduj  >  0,  i.e.,  the  Hght  should  be  red  detuned  with 
respect  the  local  resonance  frequency.  For  a  given  frequency  a;  the  minimum 
temperature  is  reached  when  the  Doppler  cooling  equals  the  recoil  heating  and 
U{(j;,T)  =  0  (not  considering  other  heating  mechanisms).  The  lowest  temper¬ 
ature  for  which  the  condition  U{u},T)  =  0  can  be  satisfied  is  known  as  the 
Doppler  limit  Tp. 


Optically  Thin  Samples 

Let  us  first  turn  to  the  case  of  very  dilute  gases  where  the  incident  light 
beam  is  not  appreciably  attenuated  when  passing  through  the  sample,  /(r,a;,  T) 
^  7o(r).  This  is  the  regime  in  which  magnetically  trapped  Na  was  investigated 
by  Helmerson  eta/.[23].  For  very  dilute  gases  and  eqn,(10)  may  be  rewritten 

f7Kr)  =  (i-^£)pKn  (11) 

where  P{w,T)  =  2E.  Jy[Io(r)/hw]<Tv{T,u,T)n(T,T)  <Pr  is  the  total  power  ab¬ 
sorbed  from  the  incident  light  beam  at  frequency  w,  i.e.,  the  absorption  spec¬ 
trum  observed  experimentally  at  temperature  T .  The  frequency  for  which  the 
Doppler  limit  is  reached  follows  from  din  P(u!,TB)/du)  =  hlksTri.  For  most 
atomic  systems  the  root  mean  square  Doppler  spread  S  =  \l^\\J ksTn I m  is  neg- 
hgibly  small  (d  <  T  at  the  Doppler  limit)  and  the  Voigt  line  may  be  replaced 
by  the  corresponding  Lorentz  line,  <rv(r,u),T)  cri(r,a;).  For  a  homogeneous 
sample  sample  (ri(r,a;)  =  crt{u)  and  the  well-known  expression  kaTo  =  \kT 
is  obtained.  For  hydrogen  Tol'n^  is  relatively  large  (S  «  jF)  and  Tp  is  slightly 
higher,  Tp  ~  0.62  ~  3  mK. 

For  inhomogeneous  samples  such  as  trapped  H|  the  resonant  frequency 
shifts  with  position  and  it  is  not  a  priori  clear  at  what  frequency  optimal 
cooling  is  obtained.  Tuning  to  a  frequency  w  <  Wo,  where  loq  corresponds  to 
the  <Ti  resonant  frequency  in  the  center  of  the  trap,  the  light  is  red  shifted 
with  respect  to  the  local  resonant  frequency  anywhere  in  the  trap.  For  uj  > 
a?o  the  light  is  ‘blue  shifted’  for  the  gas  enclosed  within  a  <ti  resonant  shell 
coinciding  with  an  equipotential  surface  of  the  trap,  and  ‘red  shifted’  for  the 
gas  outside  this  shell.  As  it  turns  out  the  optimal  frequency  depends  strongly 
on  the  density  no  of  the  trapped  gas.  For  the  optically  transparent  regime 
eqn.(ll)  applies  and  since  P[uj,T)  is  inhomogeneously  broadened  with  respect 
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Figure  2:  (a)  Intensity  profile  along  the  z  axis  for  densities  ranging  from  the  optically 
thin  to  the  optically  thick  regime.  Also  plotted  is  the  frequency  derivative  of  the 
normalized  absorption  coefficient,  (b)  Local  Doppler  cooling  per  incident  photon  in 
units  of2Er  for  the  same  densities  as  in  (a).  The  inset  shows  the  total  cooling  rate 
for  these  densities. 

to  (rv(i^,T}  the  Doppler  limit  will  be  raised  with  respect  to  the  homogeneous 
situation.  For  H|  in  the  trap  used  by  Setijaei  a/.[10]  Td  ~  0.69  hF/ks  ~ 
3.3  mK;  this  value  is  obtained  for  w  a;o. 

Optically  Thick  Samples 

The  essential  features  of  Doppler  cooling  in  thermal  gases  with  substantial 
extinction  of  the  incident  light  but  neglecting  multiple  scattering  are  illustrated 
in  fig. 2.  Fig. 2a  shows  the  intensity  profile  T)  on  the  2  axis  of  the  trap 

of  fig. 1  for  gas  densities  ranging  from  fully  transparent  (curve  0)  to  optically 
thick  at  Lyman-a  (curve  5).  Also  shown  is  dcrvjduj.  The  frequency  w  of 
the  incident  light  gives  rise  to  a  <t\  resonant  shell  intersecting  the  z  axis  at 
z  =  d:  1  cm.  The  gas  temperature  T  is  fixed  at  40  mK.  The  local  cooling 
rate  is  shown  in  fig. 2b.  The  inset  shows  the  total  cooling  rate  obtained  by 
numerical  integration  of  eqn.(lO)  along  the  z  axis.  In  accordance  with  the 
discussion  in  the  previous  section  we  find  cooling  outside  the  resonant  shell 
(‘red  detuning’)  and  heating  on  the  inside  (‘blue  detuning’);  because  >  ujq 
the  net  effect  is  heating  for  the  lowest  densities  (see  inset).  With  increasing 
density  more  and  more  light  is  scattered  before  the  resonant  shell  is  reached; 
and  cooling  becomes  dominant.  The  Doppler  cooling  rate  is  optimal  if  most 
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Figure  3:  (a)  Absorption  spectrum  before  (open  circles)  and  after  (closed  circles) 
Doppler  cooling.  The  solid  lines  are  calculated  spectra.  The  frequency  is  relative 
to  (3/4)i2oo(l  +  me/rup),  where  is  the  Rydberg  constant  and  me/rUp  is  the 
electron/proton  mass  ratio.  The  resonant  frequencies  for  the  cri  and  tti  transitions 
at  the  trap  center  are  indicated  by  a  small  bar.  (b)  Change  in  internal  energy  17  per 
incident  photon  in  units  of  the  recoil  energy,  (c)  Energy  level  diagram  showing  the 
allowed  transitions  in  H|. 

of  the  light  is  absorbed  just  outside  the  resonant  shell,  where  day / dw  is  large. 
For  the  highest  density  all  light  will  be  scattered  in  the  wing  of  the  density 
distribution,  far  outside  the  resonant  shell.  Here  dcry/dw  is  small  and  cooling 
is  not  effective. 

This  example  shows  that  during  cooling  the  optimal  cooling  frequency  ujopt 
will  change.  Starting  at  high  temperature  under  optically  thin  conditions,  the 
optimal  frequency  ujopt  ~  ^o-  During  cooling  the  sample  will  contract,  causing 
no  to  increase  and  the  sample  to  become  optically  thick;  ujopt  will  increase  and 
with  it  the  corresponding  resonant  shell.  As  the  sample  continues  to  contract 
with  further  cooling,  at  a  given  stage  also  the  resonant  shell  (and  LOopt)  has  to 
become  smaller  again  until  it  reaches  a  minimum  value  at  the  Doppler  limit. 
Numerical  analysis  shows  that  the  Doppler  limit  itself  hardly  depends  on  Uq. 

Clearly,  when  the  extinction  length  becomes  very  short  multiple  scattering 
cannot  be  avoided,  but,  as  we  will  show  using  the  picture  of  resonant  shells,  its 
influence  may  be  kept  small  by  properly  shaping  the  samples.  The  resonant 
shells  wiU  not  be  vanishingly  thin  but  may  be  attributed  a  thickness  dax  = 


L  D.  Setija  et  aL  399 


/S.v{dB ! dz)~^  in  the  axial  direction  and  drad  =  Av(dB / dp)~^  in  the  radial 
direction,  where  Ay  is  the  width  of  the  Voigt  line  in  magnetic  field  units. 
For  the  trap  shown  in  fi-g.l,  typically  dax  ~  which  means  that  the 

sample  can  be  optically  thick  in  the  axial  direction  while  remaining  essentially 
transparent  in  the  radial  direction.  As  Doppler  cooling  is  optimal  when  the 
extinction  length  of  the  incident  light  at  the  shell  equals  the  shell  thickness 
dax  double  scattering  events  will  be  rare,  except  in  cases  where  the  photons 
are  initially  scattered  in  forward  direction.  By  numerical  simulation  it  was 
established  that  for  these  elongated  samples  multiple  scattering  only  starts  to 
have  a  substantial  effect  on  the  Doppler  cooling  rate  for  densities  no  >  10^^ 
cm“^. 

Doppler  coohng  is  demonstrated  experimentally  in  fig. 3a.  We  show  two 
spectra,  one  taken  before  and  one  after  irradiating  the  sample  for  15  minutes 
at  a  fixed  frequency  indicated  as  Vi.  The  observed  spectral  Hnes  correspond 
to  the  (Ti  and  tti  transitions.  The  conditions  are  such  that  the  diameter  of 
the  La  beam  is  larger  than  the  radial  size  of  the  sample  so  that  the  sample 
casts  a  shadow  on  the  photodiode.  The  energy  level  diagram  and  allowed 
transitions  in  Ht  are  shown  in  fig. 3c.  The  initial  and  final  values  of  Uq  and  T  are 
obtained  by  a  fitting  procedure  with  calculated  spectra:  T  =  80(10)  mK,  no  = 
8(2)  X  10^°  cm~^  and  T  =  11(3)  mK,  Uq  ~  1.3(4)  x  10^^  cm”®.  The  cooling 
reflects  itself  in  the  narrowing  of  the  absorption  hnes.  The  maximum  extinction 
does  not  change  very  much  as  with  decreasing  temperature  the  shadow  due  to 
the  sample  on  the  photodiode  becomes  smaller  and  approximately  compensates 
for  the  increase  in  optical  thickness.  The  frequency  i/i  is  chosen  close  to  the 
maximum  slope  in  the  red  wing  of  the  line.  This  frequency  more  or  less 
optimizes  the  cooling  rate  along  the  full  cooling  trajectory  as  is  illustrated  in 
fig. 3b  where  we  show  the  change  in  internal  energy  of  the  gas  per  incident 
photon  in  units  of  the  recoil  energy. 

LIGHT-INDUCED  EVAPORATIVE  COOLING 

Aside  from  Doppler  cooling,  Setija  et  a/. [10]  used  a  new  cooling  method: 
Light-Induced  Evaporation  (LIE).  This  is  an  optical  version  of  forced  evapora¬ 
tive  cooling  where  the  removal  of  high  energy  atoms  is  accomplished  by  optical 
pumping  to  high-held  seeking  states.  The  method  works  only  for  optically  thick 
samples  and  can  be  understood  with  the  above  described  picture  of  resonant 
shells.  In  LIE,  rather  than  using  the  closed  cycle  <7^  transition,  the  sample  is 
excited  on  the  optical  pumping  transition  <72  [iSi^nij  =  |  —  —  ^) 

which  preferentially  decays  back  to  high  held  seeking  hyperhne  states  (the 
branching  ratio  is  2/3  for  Hq  =  0.1  T  in  the  trap  center)  and  is  very  well  spec¬ 
trally  separated  from  the  other  transitions.  For  the  method  to  work  efficiently 
the  density  should  be  sufficiently  high  (tiq  ^  3  x  10^®  cm”®  for  our  trap)  to 
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fully  absorb  the  incident  light  outside  a  resonant  shell  located  in  the  tail  of 
the  density  distribution  at  a  potential  energy  far  above  ksT .  To  achieve  the 
large  starting  densities  and  low  initial  temperatures  we  used  regular  forced 
evaporative  cooling.  By  filing  a  320  mK  deep  trap  and  subsequently  lower¬ 
ing  the  trap  barrier  to  57  mK,  we  were  able  to  achieve  initial  densities  in  the 
range  cm“^  and  initial  temperatures  between  9  and  13  mK.  With 

LIE  in  H|  we  reached  temperatures  ~  3(1)  mK,  starting  from  T  =  11(2)  mK 
and  no  =  4. 8(2.1)  X  10^^  cm^^.  To  reliably  handle  samples  at  lower  temper¬ 
atures  we  should  get  better  control  over  the  thermometry  at  these  very  low 
temperatures.  In  principle  it  should  be  possible  to  use  this  method  down  to 
temperatures  well  below  the  recoil  limit. 
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Abstract:  We  describe  theory  and  experiment  of  ultrashort  laser  pulses 
ionizing  atoms.  We  relate  three  phenomena:  harmonic  emission,  correlated 
double  ionization  and  high  kinetic  energy  photo-electron  production.  The 
experimental  ellipticity  dependence  is  consistent  with  double  ionization  and 
high  harmonic  generation  both  having  a  common  origin. 

Introduction: 

Just  as  lasers  lead  to  the  rapid  development  of  perturbative  nonlinear 
optics,  and  indeed  to  development  of  nonperturbative  theories,  intense  ultrashort 
pulse  sources  have  provided  an  impetus  to  the  experimental  development  of 
nonperturbative  nonlinear  optical  regimes  and  to  the  renaissance  of  associated 
theories.  In  the  high  photon  number  limit,  where  nonperturbative  theories  are 
required,  there  are  many  quantum  states  that  superimpose  and  the  system  often 
evolves  classically. 

In  this  paper  we  will  make  use  of  the  insight  that  classical  mechanics 
allows,  to  explain  a  number  of  strong  field  processes.  These  are:  the  electron 
kinetic  energy  in  a  multiphoton  ionization  processes  (above-threshold-ionization), 
the  harmonics  emitted  during  the  ionization  process,  and  the  process  of  double 
ionization. 

This  understanding  also  allows  us  to  identify  new  applications[l].  One 
general  approach  to  finding  applications  is  to  identify  means  of  controlling  high 
field  processes.  Any  nonlinear  process  will  be  sensitive  to  the  structure  of  the 
optical  field  and  the  optical  field  structure  can  be  changed  by  superimposing  two 
or  more  optical  pulses  with  related  frequencies  and,  or  phases.  The  modification 
of  nonlinear  processes  by  varying  the  relative  phase  of  two  or  more  beams  is  often 
known  as  "coherent  control".  It  will  be  the  subject  of  another  paper  in  this 
volume. 

A  Free  Electron  in  a  laser  field: 

An  electron  at  rest  before  being  illuminated  by  a  pulse  of  plain  wave 
linearly  polarized  (a=0)  radiation  that  is  turned  on  adiabatically 


Eit)  =EQCOs{{jit)e^+OLE^m{{3it)ey 


(1) 


will  oscillate  in  the  field  with  a  velocity  v(t}  and  an  amplitude  x(t) 
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qE(. 

v(^)  = — 
WKi) 


qE. 

x(t)= — -COS((x)t) 


It  will  also  experience  motion  in  the  direction  of  propagation.  In  a  weak  field: 


q^E^ 

v,it)= — ^sm2(a)0 


q^EQ  I  I 

_L_J_[lo)f-isin(2a)0] 

2m2o)3c  2  4 


It  is  useful  to  note  the  magnitude  of  this  motion.  For  lO’^Wcm'^  of  800 
nm  light  x=32cos(co0  Angstroms  and  z=0.4F/2Cor-V^sin(2coO]  Angstroms. 

Of  course  after  the  laser  pulse  has  passed,  the  electron  returns  to  rest  since 
energy  and  momentum  conservation  requires  that  a  free  electron  can  not  absorb 
energy  in  a  single  photon  event.  It  can,  however  be  displaced  from  its  original 
position. 

A  Semi-Classical  Perspective  on  Strong  Field  Atomic  Processes: 

The  above  discussion  is  only  valid  for  a  free  electron.  However,  we  can 
use  the  basic  classical  approach  to  help  understand  atomic  ionization  processes. 
Consider  the  following  procedure [2].  First  one  determines  the  probability  of 
ionization  as  a  function  of  the  laser  phase  using  tunnel  ionization  models.  For  all 
calculations  in  this  paper,  we  will  assume  that  the  ionization  rate  is  given  by [3]: 

pG,„(4(o;co/»-"-'exp(-4<ay3Q,)  (6) 


where  (D=E,/t).  CO,  =  e  E  (  2  m.E,'’ V  ,,  n  *  =  (  E,"/ E/ ) '  ” , 
G,„,=(2/+l)(/+  m  |)!/(2>l  |m I !(/- |in |)!),  p=2"”  [n*r(n*+/*+l)r(n*-/*]  . 

In  Eq.  (6),  is  the  ionization  potential  of  the  atom  of  interest,  E,  is  the 
ionization  potential  of  hydrogen,  /  and  m  are  the  azimuthal  and  magnetic  quantum 
numbers  ,  E  is  the  electric  field  amplitude.  The  effective  quantum  number  /*  is 
given  by  /*=0  for  /«n  or  /*=n*-l  otherwise.  The  tunnelling  model  describes  the 
formation  of  a  sequence  of  wave  packets,  one  at  each  peak  of  the  laser  electric 
field. 

As  a  second  step  classical  mechanics  can  be  used  to  approximately 
describe  the  dynamical  evolution  of  an  electron  wave  packet.  For  simplicity,  we 
consider  only  the  electric  field  of  the  laser,  ignoring,  for  example,  the  electric  field 
of  the  nucleus.  The  initial  conditions  of  velocity  and  position  equal  0  (the 
position  of  the  nucleus)  at  the  time  of  ionization  have  been  justified  previously  in 
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the  long  wavelength  limit  by  the  comparisons  with  above-threshold  ionization 
experiments.  The  electron  motion  in  the  field  for  all  times  subsequent  to  tunnelling 
is  given  by: 

v^=VoSin((oO  +Vo^,V3,-  -avQCOs(o)0  +Vo^  (7) 


.s:=;rQ[cos(a)0  +t]  +XQ^,y=axQ[sm{(^t)+at)  +yQy  (8) 

where  Vo=qEQ/meCO  ,  Xq  ^qEym^Q)^,  a  describes  the  polarization  of  the  light  with 
a=l  describing  circularly  polarized  light  and  Vq^  ,Voy,  Xq^  and  yoyare  determined  by 
the  initial  conditions  at  the  moment  of  birth.  Setting  a=0,  equations  7  and  8 
differ  from  Eqs  2  and  3  through  the  constants  of  integration,  Vq^  ,Voy,  x^^  and  yoy. 
The  motion  described  by  these  constants  of  integration  remain  even  after  a  plane 
wave  short  pulse  has  passed.  The  energy  associated  with  the  velocities  Vq^  and  Vgy 
constitute  the  energy  of  the  photo-electrons  that  are  produced.  That  is,  it  is  the 
quantity  known  as  the  "above  threshold  ionization"  energy  in  ultrashort  pulse 
experiments.  Equation  8  indicates  that,  for  circularly  polarized  light,  the  electron 
trajectory  never  returns  to  the  vicinity  of  the  nucleus. 

It  should  be  noted  that  there  is  a  second  purely  quantum  aspect  to  the 
dynamical  evolution  of  the  electron  wavepacket  produced  by  tunnelling  electrons 
which  is  not  described  by  these  classical  trajectory  considerations.  That  is  to  say, 
the  free  electron  wavepacket  will  spread  by  diffraction  at  a  rate  determined  by 
quantum  mechanics.  In  principle  this 
rate  of  spread  can  be  estimated  by 
applying  the  quantum  uncertainty 
principle  in  time-energy  or  position- 
momentum  form  to  the  initial 
tunnelling  event[2].  We  will  return  to 
this  point  which  although  not  crucial 
to  final  electron  energy  distributions  is 
very  important  in  determining  the 
strength  of  re- interaction  of  electrons 
with  their  parent  subsequent  to 
tunnelling. 

When  introduced[2],  it  was 
thought  that  the  quasi-static  approach 
was  valid  only  in  the  long  wavelength 
limit.  However,  the  experiments  of 
Mohideen  et  al[4]  indicate  that  Eq. 

(6)  accurately  describes  electron 
energy  distributions  produced  when 
light  of  800  pm  wavelength  is  used  to 
ionize  Helium.  Figure  1  shows  the 
calculated  above-threshold  ionization 
spectrum  obtained  using  the  above 
equations.  With  no  free  parameters, 
the  difference  between  experiment 
and  model  is  very  small.  Multiplying 
the  intensity  axis  for  the  model  by  0.8  results  in  excellent  agreement.  With  the 
experiment  of  Mohideen  et  al.  as  justification  we  can  safely  use  the  above 
procedure  in  what  follows. 


Figure  1:  Above  threshold  ionization 
spectrum  calculated  for  ionization  of 
helium  with  circularly  polarized  800 
nm  light. 
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For  linearly  polarized  light  we  can 
show[5]  that  half  of  the  electrons  will 
pass  close  to  the  nucleus  once  during  the 
first  laser  period  following  ionization. 
The  remaining  electrons  never  return. 
Using  the  semiclassical  model  outlined 
above,  we  can  determine  the  energy 
distribution  of  electrons  (wavepackets) 
that  do  re-encounter  the  nucleus  (Fig.  2). 

Figure  2  shows  that  the  most 
likely  velocity  of  an  electron  passing  the 
nucleus  corresponds  to  an  instantaneous 
kinetic  energy  of  3.17  times  the 
ponderomotive  potential  (3.17Up).  An 

Eleclron  Energy  (eV)  electron  ionized  by  tunnelling  at 

0)t==^17,197,etc.  degrees  will  arrive  at  the 
nucleus  with  this  velocity. 

One  consequence  of  this 
Figure  2:  Velocity  distribution  for  interaction  can  be  immediately 

understood.  If  the  3.1 7Up  electron  energy 
electrons  passing  the  ion.  Laser  exceeds  the  e-2e  scattering  energy , 

ejection  of  a  second  electron  should  be 
intensity  7xlO''^W/cm^  and  observed.  Figure  3  shows  the  calculated 

ion  yields  obtained  as  a  function  of  the 
wavelength  800  nm.  laser  intensity  for  0.6pm  light  interaction 

with  helium.  To  obtain  this  curve,  the 
known  collision  cross-section  of  He"^  was 
used.  The  only  free  parameter  in  the  model  is  the  transverse  spread  of  the 
electron  wave  function,  or  equivalently,  the  range  of  possible  impact  parameters. 
To  obtain  Fig.  3  wave  function  radius  of  2  A  was  used.  Figure  3  agrees  very  well 
with  recent  experiment[6],  however 
this  value  of  the  wavefunction  radius 
is  considerably  (by  about  a  factor  of 
four)  smaller  than  that  estimated  from  ,o 

simple  quantum  principles.  This 
implies  that  either  additional  sources  ^  ’ 

contribute  to  double  ionization  or  that  |  o  i 

the  collision  cross  section  differs  g 

greatly  from  the  field  free  value.  | 

Spin  correlation  and  ionization  of 

I  ° 

excited  atoms  are  at  least  partially  I 
responsible  for  the  difference. 

The  electron  can  also  scatter  1E-005 
elastically.  Any  electron  that  scatters, 
either  elastically  or  inelastically, 
absorbs  photons  leading  to  very  hot 
photo-electrons  [5] . 

There  are  other  consequences  Figure  3:  Ion  yield  for  helium  plotted 
of  the  electron-nuclear  interaction [5]. 

Classically,  we  know  that  as  the  as  a  function  of  the  peak  laser 
electron  passes  the  nucleus,  it  will  be 

accelerated,  intensity  for  625  nm,  lOOfs  pulses. 


lEfOIS  1E4016 

Intensity  W/cm' 
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leading  to  emission  of  light.  If  the 
5  ^ ground  state  is  not  significantly 
^  depleted,  the  wave  packet  will 

pass  the  nucleus  in  the  same  way 
\  during  each  cycle  of  the  laser 

^  1x10'^  \  light.  Thus,  any  light  that  is 

—  \  emitted  will  be  at  a  harmonic  of 

3^  1x10’®  \  the  laser  frequency.  The  emission 

“  1x10®  calculated  from  the 

^  expectation  value  of  the  dipole 

1x10  ^°  operator  <\j/ I  er  I  \p>.  If  we  assume 

^ - ^  that  \j/=\j/g+\|/c  where  \|/g  is  the 

ixi0‘^^  J- — ^ ^ ^  225  ground  state  wave  function  and  tj/^ 

is  the  continuum  wave  function 
Photon  Energy  (eV)  then  the  dipole  moment  can  be 

rewritten  as 
<\i;  I  er  I  \|/>=<\|/  |  er  I  \|/,>  + 

^  ta*  1  J  •  <¥c|er|\|/c>  +  CC.  Tigure  4  shows 

Figure  4:  Dipole  moment  squared  m  thi  calculated  harmonic  spectrum 

,  .  ^  1.  1  ^  of  the  absolute  value  of  the  dipole 

atomic  units  calculated  for  1.06pm  light,  njo^ent  squared.  NeglecWg 

,  X  ^  -.^14  c  0  n  t  i  n  u  u  m  -  c  o  n  t  i  n  u  u  m 

helium  and  an  intensity  of  6x10  contributions,  <\|i,Jer|\j/,>.  (We 

2  shall  return  to  this  assumption 

•  below.)  The  calculation  was 

performed  for  1  pm  light 
interacting  with  helium  just  as  in  a  recent  Schrodinger  equation  simulation  of  high 
harmonic  generation [7].  The  only  "free"  parameter  in  this  calculation  is  the  wave 
function  spread  and  it  was  assumed  to  be  the  same  as  that  used  for  the  double 
ionization  calculation  above. 

Figure  4  bears  a  remarkable  similarity  with  the  results  of  the  Schrodinger 
equation  simulation.  The  plateau  region  has  the  same  structure,  beginning  at  10'^ 
and  decaying  in  an  extended  plateau  until  about  a  photon  energy  of  225  eV.  Even 
the  magnitude  of  the  high  harmonics  agrees  within  less  than  an  order  of 
magnitude  with  the  Schrodinger  equation  simulations.  Clearly  the  quasi- static 
model  catches  the  essence  of  high-harmonic  generation. 

Ellipticity  Dependence  of  Strong  Field  Atomic  Processes: 


Figure  4:  Dipole  moment  squared  in 
atomic  units  calculated  for  1.06pm  light, 


helium 


W/cm^. 


intensity  of  6x10^ 


The  semiclassical  picture  gives  a  very  physical  way  of  looking  at  the 
ellipticity  dependence  of  strong  field  processes.  Consider  an  elliptically  polarized 
laser  field  with  the  major  axis  along  the  x-axis,  EJt)  =  cos  co^  and  a  weak 
perpendicular  component  £'^(t)  =  E^y  sin  cot  with  ellipticity  £  =  E„y  /  E„^<  1.  Since 
the  tunnelling  probability  depends  exponentially  on  the  width  of  the  potential 
barrier,  the  electron  tunnels  mostly  near  the  peak  of  the  field  E^  when  ]cos  cot| 
“  1.  After  ionization  the  electron  drifts  in  y-direction.  By  the  time  the  electron  can 
return  to  the  position  of  the  ion  its  displacement  in  the  y-direction  from  the  origin 
is  Ay  =[-sin  (or  +  sin  (oE  +  {(Ot-(Ot’)cos  (oCjeeE^x  where  E  is  the  moment  the 
electron  is  born  in  the  continuum  and  t  the  time  the  electron  returns  to  the  ion. 
Electrons  that  return  to  the  ion  with  energies  close  to  3  Up  and  produce  high 
harmonics  are  born  around  cot’-0.3  and  come  back  at  a)t-(jof~4,  which  gives 
Ay^SeeiJ^x  When  the  returning  electron  wavepacket  is  displaced  by  more 
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than  its  transverse  dimension  harmonic  production  will  be  quenched.  For  example, 
at  laser  inten^sity  I~10'^W/cm^ ,  ellipticity=0. 1  and  co  in  the  optical  frequency 
range,  Ay^lOA. 

Under  conditions  where  the 
wave  function  spread  is  much  in 
excess  of  atomic  dimensions,  the 
yield  of  harmonic  radiation  or 
double  ionization  will  simply  be  a 
map  of  the  returning  electron 
density  in  the  nuclear  vicinity,  for 
electrons  with  appropriation  energy 
to  produce  these  effects.  For 
example,  the  highest  harmonics  will 
have  a  yield  Y(8)  which  can  be 
directly  equated  with  \j/c^^(r)  where 
r~  5seF,^x  /mco^.  From  an 
experimental  perspective  ellipticity 
measurements  provide  a  direct  test 
of  models  used  to  predict  the 
nonlinear  polarizability  of  ionizing 
gases,  a  test  which  is  insensitive  to 
phase  matching  (since  small  changes 
in  the  ellipticity  do  not  change  the 
focusing  properties  of  the  laser 
beam  nor  the  ionization  rate). 

We  now  describe  the 
experimental  studies  of  the  ellipticity  dependence  of  high  harmonic  emission 
performed  with  a  compact  all  Ti: Sapphire  laser  system.  We  refer  the  reader  to  a 
similar  experiment  has  recently  been  published  [8].  The  output  of  the  cw  mode- 
locked  oscillator  is  amplified  using  chirped  pulse  amplification  in  a  regenerative 
amplifier  followed  by  a  two-pass  final  amplifier  to  produce  10  mJ,  200  fs  pulses 
at  a  repetition  rate  of  two  Hertz  and  wavelength  of  775  nm.  After  compression  in 
a  two-grating  double-pass  compressor  the  laser  pulses  are  linearly  polarized  to 
better  than  500:1  in  intensity. 

Ellipticity  is  introduced  by  rotating  a  zero  order  XI A  waveplate  placed  just 
before  the  focusing  lens  and  target  chamfer  window.  The  pulses  are  focused  by 
an  f/30  thin  lens  onto  a  3.1mm  diameter  stainless  steel  tube  with  150  pm  thick 
walls  which  has  been  squeezed  to  an  internal  thickness  of  750  pm.  A  150  pm 
diameter  hole  is  drilled  by  slightly  defocusing  the  laser  and  irradiating  the  target 
for  a  few  hundred  shots.  The  laser  is  then  focused  to  75  pm  diameter  for  harmonic 
production.  The  laser  intensity  averaged  over  its  90%  energy  circle  is  estimated 
to  be  8x10^"^  Wcm'^.  The  target  tube  is  transiently  filled  with  approximately  one 
hundred  mbar  of  Ne  with  a  fast  pulsed  valve. 

The  harmonic  radiation  is  dispersed  with  a  1200  gr/mm  Hitachi  variable 
space  grating  with  a  slit  placed  in  its  focal  plane  to  isolate  one  harmonic. 
Harmonic  yield  is  monitored  on  an  electron  multiplier  placed  behind  the  slit. 
Rotating  the  XI A  waveplate  rotates  the  major  axis  of  the  polarization  ellipse  with 
respect  to  the  plane  of  incidence  of  the  diffraction  grating.  At  the  experimental 
angle  of  incidence  (87°)  the  change  in  the  diffraction  efficiency  due  to  this  effect 
is  negligible  for  the  present  purposes.  Zero  order  (specular  reflection)  radiation 
from  the  grating  is  collected  and  transmitted  through  a  window  to  monitor  the 
third  harmonic  yield  (by  means  of  a  grating  spectrograph  and  UV  photomultiplier). 

Using  this  apparatus,  harmonic  radiation  extending  out  to  A  >  41  in  neon. 


Figure  5:  Harmonic  yield  of  the  41^^ 
harmonic  of  neon  plotted  as  a 
function  of  the  ellipticity  of  the 
fundamental  775  nm  radiation. 
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Harmonic  yield  as  a  function  of  the  ellipticity  z  is  shown  as  data  points  in  Fig. 
5  for  the  harmonic  in  neon.  Data  were  also  collected  from  other  harmonics 
in  the  plateau  region  neon.  It  did  not  significantly  differ  from  A^=41.  The  curves 
plot  theoretical  results  which  will  be  discussed  below. 

We  now  describe  our  study  of 
two-electron  multiphoton  ionization. 
The  experiment  uses  the  amplified 
output  of  a  colliding-pulse  mode-locked 
laser  operated  at  625  nm.  The  70  fs 
pulses  are  amplified  in  a  dye  laser 
amplifier  chain  pumped  by  a  frequency- 
doubled  Nd:YAG  laser  and  then 
compressed  in  a  two-grating,  single-pass 
pulse  compressor.  A  vacuum  spatial 
filter  combined  with  an  aperture  to  select 
the  central  part  of  the  Airy  pattern 
ensures  a  good  spatial  profile.  A  small 
portion  of  the  beam  is  sampled  to 
measure  the  pulse  energy  and  to  produce 
second  harmonic  radiation  in  a  KDP 
Figure  6:  Yield  of  singly  and  crystal  whose  energy  is  also  measured. 

The  pulses  have  an  energy  of  150-200  pJ 
doubly  charged  neon  ions  plotted  and  a  duration  of  about  100  fs  measured 

with  a  single  shot  autocorrelator.  Just 
as  a  function  of  the  peak  laser  before  entering  the  vacuum  chamber,  the 

pulses  pass  through  a  linear  polarizer 
intensity  of  a  625  nm  ionization  and  a  KlA  wave  plate  which  can  be 

rotated  to  change  the  ellipticity  of  the 
beam.  pulse.  The  residual  ellipticity  in  the  case 

of  linear  polarization  is  e  <  0.02. 

The  pulses  are  focussed  inside  the  time-of-flight  mass  spectrometer  using 
an  on-axis  paraboloidal  mirror  with  50  mm  focal  length.  We  use  f/5  focussing 
geometry  resulting  in  a  focal  diameter  of  -  3  pm.  Neon  is  leaked  into  the  vacuum 
chamber  with  a  background  pressure  of  6  x  10'^  mbar.  The  operating  pressure  was 
adjusted  between  10^  mbar  and  10'^  mbar  depending  on  the  pulse  intensity.  The 
ions  are  extracted  by  an  electric  field  of  500  Vcm’’  and  detected  by  a 
microchannel  plate.  The  amplified  signals  are  integrated  using  boxcar  integrators. 
The  signals  from  both  ion  channels  were  measured  without  neon  in  the  chamber 
and  subtract  from  the  actual  neon  signals  for  background  suppression.  Furthermore 
we  measured  the  boxcar  output  between  laser  pulses  to  correct  for  drifting  offsets 
of  the  boxcar  integrators. 

The  experimental  data  from  all  pulses  were  binned  according  to  their 
energy,  Ei^,  and  discriminated  on  the  basis  of  the  energy  of  the  second  harmonic, 
E2(a.  Only  pulses  with  a  =  Ei^^/E2e,  within  ±  10%  of  a  preset  value  were  accepted. 
For  pulses  whose  temporal  shape  can  be  described  by  one  parameter  T,  a  is 
proportional  to  the  pulse  duration  x.  This  selection  ensures  the  reproducibility  of 
the  data.  Each  data  point  shown  in  Fig.  6  is  an  average  of  typically  1000  shots. 
The  error  is  the  statistical  error  of  the  mean. 

The  intensity  dependence  of  the  ionization  yields  of  Ne""^  (n  =  1,2)  in  the 
range  from  10'"^  -  10*^  Wcm'^  for  linear  polarization  is  shown  in  Fig.  6.  The 
intensity  scale  was  obtained  by  fitting  the  experimental  Ne^  yields  with  the 
calculated  yields  from  the  tunnel  ionization  model  by  scaling  both  intensity  and 
yields.  The  experimental  data  for  Ne^^  show  a  clear  bump  at  low  yields.  This 
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increase  of  the  ion  yields  compared  to 
a  simple  tunnel  ionization  model  is 
similarto  published  results  and  it  has 
been  proposed  that  it  is  the  result  of 
two-electron  multiphoton 
ionization  [6].  The  curves  show 
theoretical  results  which  will  be 
discussed  below. 

We  now  study  the  ellipticity 
dependence  of  the  correlated  two- 
electron  multiphoton  ionization  signal 
by  measuring  the  Ne"^  and  Ne^"^  yields 
at  a  peak  intensity  of  9x10^"^  Wcm'^  as 
a  function  of  the  ellipticity.  The  Ne^ 
yields  (not  shown)  do  not  vary 
significantly  over  the  measured  range. 

The  Ne^^  yields  decrease  rapidly  (data 
points  in  Fig.  7).  The  curves  plot 
theoretical  results  that  will  be 
discussed  below.  The  qualitative 
agreement  between  the  measurements 
in  Figs.  5  and  7  lends  strong  support 
to  the  hypothesis  that  the  underlying 
physics  investigated  by  both 
diagnostics  is  the  same.  However, 
any  model  of  high  harmonic 
generation  or  strong  field  multiphoton 
ionization  must  be  quantitatively 
consistent  with  experimental  results.  The  remainder  of  the  paper  will  deal  with 
this  quantitative  comparison. 

The  signal  measured  in  any  harmonic  generation  experiment  is  the  result 
of  the  interplay  between  the  nonlinear  response  of  the  atom  and  the  coherent 
interaction  between  the  propagating  wave  produced  at  different  positions  in  the 
focus  (phase  matching).  Phase  matching  issues  have  been  extensively  studied  [9] 
and  there  are  two  main  sources  of  dephasing:  (1)  the  natural  phase  advance  that 
occurs  in  any  beam  as  it  passes  through  its  geometric  focus  and  (2)  dispersion  in 
the  nonlinear  medium.  Both  of  these  should  be  unchanged  by  the  very  small 
ellipticity  characteristic  of  this  experiment.  Consequently,  our  measurements  must 
reflect  changes  in  the  atomic  nonlinear  response. 

Quantum  Theory  of  High  Harmonic  Emission: 

Quantum  mechanically  the  initial  kinetic  energy  of  the  electron  in  the 
continuum  is  not  exactly  zero  and  can  compensate  for  the  drift  in  y-direction.  In 
other  words,  the  quantum  mechanical  wave  packet  spreads  in  all  directions.  As 
noted  above,  the  spread  can  be  estimated  by  the  position/momentum  or  the 
time/energy  uncertainty  relation[2].  For  a  quantitative  fit  we  use  a  quantum 
mechanical  generalization,  based  on  a  Keldysh-Faisal-Reiss-like  approximation 
which  is  fully  described  in  Ref  [10].  We  summarize  the  main  features  below  and 
note  the  important  equations. 

The  model  quantum  system  includes  one  bound  (ground)  state  Ig  >  and  a 
3D  continuum  of  states  labelled  with  their  momentum  lp>.  The  model  applicable 
in  the  region  Up  >  Ip  assumes  that  the  electron  motion  in  the  continuum  is 


Figure  7:  Yield  of  doubly  charged 
neon  ions  obtained  at  a  peak 
intensity  of  Wcm'^  plotted  as  a 

function  of  the  ellipticity. 
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dominated  by  the  laser  field,  and  that  the  depletion  of  the  ground  state  is 
negligible.  Under  these  assumptions  the  field  induced  dipole  moment  of  the  atom 
r  <^(t)ld  I'F(t)  >  is  determined  by  the  overlap  between  the  continuum  part 
of  the  wave  function  and  the  ground  state.  Solution  of  the  Schrodinger  leads  to 
the  following  expression  (inatomic  units)  for  the  field-induced  dipole  moment  of 
the  atom. 


d{t)=i^dt'fd^p 

0 


{Eit).dg(p))  d^(p+A(t)-A(t))  exp[- 


(9) 


Here  E(0  =  E^)  is  the  total  electric  field,  d/p)  =  <  pidig  >  is  the  matrix 

element  of  bound-free  transition,  A{t)  is  the  field  vector-potential,  and  ^(p,  t,  f) 
is  the  classical  action  at  the  moment  t  for  the  electron  born  in  the  continuum  at 
the  moment  f  with  initial  momentum  p.  The  harmonic  intensities  are  given  by 
the  squared  modules  of  the  Fourier  transform  of  d(t). 

For  linearly  polarized  light  the  mathematical  analysis  of  Eq.  (9)  using  the 
stationary  phase  and  saddle  point  methods  recovers  all  three  of  the  basic 
assurnptions  of  the  semi-classical  picture  outlined  above.  (1)  The  main 
contribution  to  the  integral  over  d^p  is  given  by  the  values  of  p  ~  p^(?,  f ),  where 
Po(?,  f)  is  the  initial  momentum  for  which  the  electron  born  in  the  continuum  at 
the  moment  E  will  return  back  to  its  initial  position  at  the  moment  t.  (2)  The 
main  contribution  to  the  integral  over  dV  {f  is  the  moment  of  birth)  is  given  by 
f  »  where  4  is  the  moment  of  time  for  which  the  corresponding  pQ(r,  f)  has 
zero  x-component:  p„^(?,  f  =  t^)  =  0.  (3)  The  stationary  point  of  the  Fourier 
integral  at  frequency  A^co  is  given  by  the  condition  co  =  /p  +  ^t^).  However,  Eq. 
1  can  be  applied  for  any  ellipticity. 

We  use  Eq.  9  to  calculate  the  ellipticity  dependence  of  A^-th  harmonic 
intensity  assuming  «  1.  The  result  is: 


R^{^)= 


^Ai 


(10) 


Here  Ai(z)  is  the  Airy  function.  The  ellipticity  dependence  appears  through 
tQjy)  -  the  initial  momentum  in  y-direction  which  the  classical  electron  born  at 
must  have  in  order  to  return  to  the  same  place  at  the  moment  It  is  related  to 
the  laser  field  by 


I  p 

PQj<^N^hN)=-—r  J - [cos((ot)-cos(o)tQ^)]dt 


‘'ON  ‘'N  f 


(11) 


Finally,  the  times  and  of  collision  with  the  parent  ion  should  satisfy  the 
energy  conservation  law  ^f;^)  «  p\{t^,toi^)/2m  =  Nh.  co-/p,  with  the  x-component  of 
the  initial  momentum  equal  to  zero:  p,,^,  0. 

The  experimental  intensity  distribution  is  inhomogeneous  in  both  space  and 
time.  However,  high  harmonic  emission  occurs  over  a  narrow  range  of  intensities. 
In  the  above  model  it  is  directly  related  to  the  bound-free  transition  rate.  In  Fig. 
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5  we  present  two  curves  for  the  4F‘  harmonic  of  neon,  the  solid  curve  is  for  the 
peak  intensity  in  the  experiment  (8x10^“^  Wcm'^)  which  is  roughly  the  saturation 
intensity  for  ionization.  The  dashed  curve  is  for  5x10^^^  Wcm'^  which  corresponds 
to  a  factor  of  10  decrease  in  the  ionization  rate.  The  model  has  no  free 
parameters. 

The  Keldysh-like  model  discussed  above  only  deals  with  harmonic 
generation.  However,  the  experimental  results  on  the  ellipticity  dependence  of 
multiphoton  ionization  can  be  quantitatively  analyzed  if  we  assume  that  the  semi- 
classical  model  [5]  correctly  identifies  correlated  two-electron  multiphoton 
ionization  as  an  inelastic  scattering  event  (A^  -i-  e  ^  A"^^  +  2e).  The  ellipticity 
dependence  of  this  process  will  be  given  by  the  ratio 


where  A(^£)  is  the  number  of  electrons  returning  to  the  nucleus  with  energy  ^ 
and  =  0),  ^  is  the  minimum  energy  required  to  remove  the  second 

electron,  and  ^2  =  3.17U^  is  the  maximum  instantaneous  energy  the  electron  can 
have  near  the  ion.  Finally,  a(^  is  the  cross-section  for  collisional  ionization  in 
the  presence  of  an  intense  laser  field.  The  value  of  a(^  is  not  known,  although 
its  zero-field  value  is  known.  However,  a  very  good  estimate  for  the  ratio  Eq. 
(11)  can  be  obtained  without  knowing  a(^.  The  ratio  Rf^{E)=R(S;e)  in  Eq.  (10) 
measures  the  relative  number  of  electrons  returning  to  the  nucleus  with  enei^y  ^ 
=  Ahco  -  /  .  We  can  use  Eq.  (10)  to  calculate  the  ratio  A(^£)/Ao(^.  ^en, 
according  to  the  middle  point  theorem,  the  value  in  Eq  (3)  is  equal  to  /?(^,£) 
where  ^  is  some  point  from  the  interval  [^,^].  As  /?(^,£)  is  a  monotomcally 
decreasing  function  of  ^  (i-C-,  of  harmonic  number  N)  at  fixed  £,  we  get  the 
following  result  for  the  e-2e  scattering  probability: 

/?(g;,E)>/?,jE)>/?(r„8)  (13) 

The  result  using  Eq.  (12)  is  shown  in  Fig.  7  together  with  experimental 
data  on  Ne'^^  ion  yield  as  a  function  of  ellipticity  measured  at  the  intensity  I  - 

9xl0'"Wcm'l  ^  ^ 

The  semiclassical  model  [5]  has  only  one  free  parameter,  the  transverse 
spread  of  the  electron  wave  function.  The  data  presented  in  Fig.  7  remove  this 
freedom.  We  estimate  the  absolute  yield  of  vs  laser  intensity  by 

approximating  the  e-2e  cross-section  in  a  strong  laser  field  by  its  field-free  value 
underestimates  the  correct  value  because  in  the  laser  tieid  both 
virtual  and  real  excitation  will  can  lead  to  ionization.  Using  published  cross- 
section  data  [11],  ADK  tunnelling  rates  to  calculate  ionization  probabilities  and 
classical  trajectory  calculations  to  determine  the  velocity  distribution  of  electrons 
passing  the  ion,  we  obtain  the  solid  curves  shown  in  Fig.  (6). 

In  conclusion,  semi-classical  physics  gives  insight  into  many  strong  held 
atomic  physics  problems.  The  semi-classical  model  correctly  suggests  that  strong 
field  effects  will  be  very  sensitive  to  the  ellipticity.  We  observe  that  the  ellipticity 
variation  of  high-harmonics,  correlated  double  ionization  and  Keldysh-like  theoiy 
are  in  excellent  agreement.  Even  the  strength  of  the  double  ionization  signal  is 
remarkably  well  fit  by  including  contributions  from  e-2e  scattering. 

In  this  paper  we  have  concentrated  on  the  plateau  harmonics  which  ^e 
largely  due  to  free  bound  transitions.  However,  it  is  clear  that  for  harmonics  with 


R  B.  Corkum  et  al.  415 


photon  energy  lower  than  the  ionization  potential  must  have  another  origin.  The 
reader  is  referred  to  Ref.  [12]  for  a  account  of  the  origins  of  the  low  harmonics 
and  to  Ref[l]  for  a  discussion  of  the  implications  of  the  model  for  such  practical 
considerations  as  attosecond  pulse  formation. 
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Abstract  Above-threshold  ionization  (ATI)  is  the  ionization  of  atoms  by  more  than  the 
minimum  number  photons  necessary  to  overcome  the  Coulomb  binding  energy. 
Although  ATI  is  contrary  to  the  predictions  of  minimum-order  perturbation  theory,  it  is 
the  dominant  mode  of  ionization  whenever  the  light  field  becomes  comparable  to  the 
static  fields  in  the  atom.  We  have  learned  a  great  deal  by  studying  ATI  over  the  past 
several  years.  We  now  know  that  by  controlling  these  high  intensity  optical  fields,  we 
can  control  atomic  and  molecular  processes  such  as  ionization  and  dissociadon.  We 
can  even  engineer  wave-functions. 


1.  WTRODUCTION 

This  paper  reviews  the  current  state  and  future  directions  of  super-intense 
laser-atom  physics  (SILAP).  The  investigations  of  above-threshold  ionization 
(ATI)  and  high-harmonic  generation  (IIHG)  in  the  past  few  years  have  led  to  a 
view  of  the  SILAP  interaction  in  which  wavepacket  dynamics  play  a  dominant 
role  (1,2).  In  a  companion  article  in  this  volume,  P.  Corkum  describes  a  success¬ 
ful  model  which  explains  many  of  th<=;  general  features  of  ATI  and  HHG  as  the 
result  of  the  scattering  of  an  electron  w'avepacket  by  the  atomic  core,  and  the  sub¬ 
sequent  evolution  of  the  wavepacket  in  the  presence  of  the  oscillating  laser  field 
(3). 

Wavepacket  scattering  models  such  has  those  put  forward  and  developed  by 
Corkum,  Schafer,  Kulander,  and  others,  have  existed  in  one  form  or  another  since 
the  first  ATI  experiments  were  performed  (4,5)  and  even  before  (6-8).  These  are 
not  the  only  way  to  view  SILAP  interactions;  other  models  and  techniques,  such 
as  dressed  state  analyses,  have  been  similarly  valuable.  But  these  wavepacket 
models  still  represents  a  real  breakthrough  in  the  field,  because  they  enable  us  to 
go  beyond  phenomenological  investigations.  Using  these  theories  as  guides,  we 
can  employ  strong  laser  fields  to  probe  atomic  structure,  to  alter  quantum  dynam¬ 
ics,  and  even  to  construe .  new  quantum  structures.  These  are  new  and  important 
directions  in  the  science. 
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2.  THE  ATI  SPECTRUM 

The  ATI  spectrum  of  xenon  photoionized  by  1.06  //m  radiation  is  shown  in 
figure  1.  Superimposed  on  this  spectrum  is  a  diagram  showing  how  wavepacket 
production  and  scattering  may  produce  the  main  features  of  ATI.  Our  description 
will  be  brief;  for  details,  see  the  companion  article  by  Corkum  (3),  and  references 
therein. 


Figure  1.  ATI  spectrum  of  xenon  Ionized  by  1064  nm  100  psec  laser  pulses.  The  spec¬ 
trum  is  shifted  to  higher  energy  by  the  ponderomotive  energy  of  the  beam.  Its  general 
shape  follows  the  predictions  of  tunneling  during  each  optical  cycle,  followed  by  the  evo¬ 
lution  of  the  free  photoelectron  In  the  optical  field. 

The  whole  spectrum  of  decreasing  peaks  is  offset  to  higher  energy  by  1-2  eV. 
This  phenomenon,  which  has  been  called  "channel  closure,"  is  due  to  the  light- 
induced  energy  shift  of  the  continuum  relative  to  the  ground  state  of  the  atom. 
Stated  in  terms  of  classical  physics,  the  electrons  produced  in  photoionization, 
even  those  with  zero  kinetic  energy  produced  at  threshold,  are  wiggling  in  the 
laser  field.  The  wiggle  energy,  known  as  ponderomotive  energy,  is  given  by 
Up  =  where  F  is  the  peak  amplitude  of  the  laser  field,  me  is  the 

electron  mass,  and  6?  is  the  laser  angular  frequency.  As  photoelectrons  leave  the 
laser  focus  on  the  way  to  detection,  their  wiggle  energy  is  converted  to  transla¬ 
tional  kinetic  energy.  The  process  is  conservative  if  the  laser  intensity  is  constant 
during  the  -3-5  psec  traversal  of  the  focus.  If  the  wiggle  energy  is  the  principal 
source  of  AC  Stark  shift  in  the  intense  laser  field,  then  this  adiabatic  transforma¬ 
tion  of  wiggle  energy  to  translational  kinetic  energy  means  that  electrons  are 
observed  with  energies  that  differ  from  the  ground  state  energy  only  by  the 
absorption  of  an  integer  number  of  photons.  In  other  words,  one  observes  multi¬ 
ple  peaks  in  the  spectrum  which  obey  a  generalization  of  Einstein’s  photoemis¬ 
sion  formula:  E  =  Ei^n  -  -l- 
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Beyond  ponderomotive  effects,  the  essential  feature  of  strong  field  ionization 
is  that  the  ionization  per  optical  cycle  is  no  longer  negligible.  Therefore,  the 
overall  shape  of  the  spectrum  is  controlled  by  variations  in  the  tunnel-ionization 
rate  during  each  optical  cycle.  The  instantaneous  ionization  rate  r(t)  for  an  atom 
with  binding  energy  Eq  is  fairly  well  described  by  the  "ADK"  formula  (9), 


r(t)  =  4E’«p^exp 


3  ^  F(t) 


(in  atomic  units), 


which  is  an  extension  of  the  WKB  tunneling  rate  (10)  to  the  case  of  monochro¬ 
matic  light  (11).  Once  ionized,  the  energy  of  the  electrons  evolves  under  the 
influence  of  the  periodic  driving  force  of  the  light 

Most  of  the  features  of  the  ATI  spectrum  can  be  derived  from  classical 
mechanics.  For  example,  the  peak  ionization  rate  should  occur  at  the  peak  of  the 
electromagnetic  field  cycle.  Electrons  emitted  by  tunneling  at  this  time  enter  the 
field  with  very  small  initial  kinetic  energy,  and  begin  to  wiggle  in  the  field.  Over 
the  course  of  one  cycle,  they  accelerate  away  from  the  ion,  decelerate  as  the  elec¬ 
tric  force  switches  direction  after  1/4  cycles,  accelerate  back  towards  the  ion  in 
the  third  1/4  cycle,  and  finally  return  to  rest  at  their  starting  point  one  full  cycle 
after  they  were  ionized.  If  the  ion  Coulomb  field  is  neglected,  it  is  clear  that  these 
electrons  just  wiggle  in  place,  with  little  or  no  drift  momentum.  Ponderomotive 
gradients  in  the  laser  focus  will  eventually  (3-10  psec)  allow  the  electrons  to  drift 
out  of  the  focus,  with  translational  energy  only  equal  to  the  ponderomotive  poten¬ 
tial  energy  they  had  when  created. 

Electrons  that  tunnel  out  of  the  atom  slightly  before  the  peak  of  an  electric 
field  cycle  experience  a  similar  evolution,  except  that  they  have  a  slightly  longer 
initial  acceleration.  This  they  keep,  as  drift  momentum.  Therefore  they  emerge 
from  the  focus  with  larger  kinetic  energy.  There  are  fewer  of  them,  because  the 
tunneling  rate  when  they  were  created  is  smaller.  In  a  monochromatic  laser  field, 
the  exponential  increase  of  the  tunneling  rate  with  field  strength  leads  to  an  expo¬ 
nential  decrease  of  the  photoelectron  spectrum.  This  general  trend  is  modulated 
into  an  envelope  of  shaip  ATI  peaks  because  of  the  coherent  interference  of  ion¬ 
ization  on  successive  cycles  of  the  field. 

This  simple  classical  picture  can  predict  most  of  the  features  of  ATI  experi¬ 
ments  (11,1).  Furthermore,  simple  extensions  of  this  picture  have  been  used  suc¬ 
cessfully  to  explain  other  high  field  phenomena  such  as  high  harmonic  generation 
(12)  and  some  aspects  of  multiple  ionization  (13,14).  This  is  truly  remarkable, 
since  the  picture  suffers  from  some  obvious  deficiencies:  it  relies  on  tunneling, 
although  most  ATI  phenomena  are  observed  in  the  intensity  regime  where  the  ion¬ 
ization  rate  per  optical  cycle  is  much  less  than  1;  it  ignores  internal  structure  in 
the  atom;  and  it  treats  the  electron  as  a  classical  point  particle.  Nevertheless,  full 
quantum  dynamics  calculations  confirm  that  many  features  of  SILAP  interactions 
are  essentially  classical  (15). 
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2.1  Intermediate  Resonances 

Although  the  tunneling  picture  explains  many  of  the  phenomena  of  ATI,  it 
cannot  be  correct  on  several  points:  the  ionization  rate  is  not  given  by  the  simple 
ADK  model;  in  fact,  the  ionization  is  not  even  purely  monotonic  with  light  inten¬ 
sity,  but  is  dominated  by  many  sharp  resonances  (16).  This  was  first  observed  in 
1987,  when  ATI  experiments  were  first  obtained  with  very  short  pulses  (17).  If 
the  pulses  are  shorter  than  about  3  psec,  the  ponderomotive  acceleration  of  the 
free  electrons  is  not  complete.  Basically,  the  light  turns  off  before  the  electrons 
get  out  of  the  focus.  For  pulses  shorter  than  1  psec,  new  sharp  peaks  occur  in  the 
photoelectron  spectrum.  These  are  due  to  intensity-dependent  multiphoton  reso¬ 
nances  between  the  ground  state  and  excited  states  in  the  atom.  The  resonances 
occur  in  all  atoms;  they  are  caused  by  the  huge  AC  stark  shifts  of  the  excited 
states  relative  to  the  ground  state.  To  a  good  approximation,  the  ground  state 
stark  shift  is  negligible  compared  to  the  excited  states,  and  the  excited  states  shift 
by  an  amount  equal  to  the  ponderomotive  potential  shift  of  the  continuum  (18). 
At  intensities  where  ATI  occurs,  the  shift  is  generally  on  the  order  of  one  photon 
energy,  which  means  that  all  excited  states  have  shifted  into  resonance  at  some 
intensity  or  other  during  the  pulse. 

2.2  Dressed  State  Picture 

It  is  easier  to  visualize  the  effect  of  these  resonances  in  a  dressed  state  picture, 
where  they  appear  as  avoided  crossings  between  the  ground  state  and  excited 
states  as  the  intensity  passes  through  resonance.  The  probability  of  a  transition 
during  this  passage  depends  on  the  size  of  the  avoided  crossing;  the  coupling  to 
the  continuum,  which  controls  the  ionization  probability  during  the  crossing;  and 
the  rate  of  crossing,  which  is  proportional  to  the  rate  change  of  intensity  during 
the  pulse. 

De  Boer  and  Muller  (19)  pointed  out  that  the  avoided  crossing  leads  to  two 
different  pathways  to  produce  a  photoelectron  with  the  same  energy,  (a)  The 
atom  may  ionize  from  the  ground  state  at  the  intensity  corresponding  to  a  multi¬ 
photon  resonance,  which  is  basically  the  mechanism  first  proposed  by  Freeman  et 
al.  (17);  or  else  (b)  population  may  be  transferred  to  the  excited  state  during  the 
crossing,  and  then  ionization  out  of  the  excited  state  may  occur  later  in  the  pulse, 
when  the  intensity  is  higher.  Gibson  et  al.  (20,21)  have  found  that  the  probability 
of  ionization  through  ore  or  the  other  of  these  mechanisms  can  be  controlled  in 
various  ways. 

Recently,  Story  et  al.  (22)  demonstrated  this  ability  to  control  multiphoton 
excitation  during  ATI  using  either  pulse  length  or  the  intensity  where  resonance 
occurs  as  control  parameters.  The  experiment  is  summarized  in  figure  2,  which 
shows  the  dressed  state  eigenvalues  in  the  potassium  atom  as  a  function  of  time 
during  the  laser  pulse.  They  excited  potassium  with  laser  pulses  of  0.5  to  13  psec 
duration,  and  laser  frequencies  of  17,180  cm"^  or  17,300  cm"^  With  the  lower 
frequency  light,  the  atom  could  be  intensity- shifted  into  resonance  with  the  14d 
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state  and  higher,  but  the  higher  frequency  light  could  only  lead  to  resonances  with 
17d  and  higher.  The  residual  population  in  these  high  Rydberg  states  was  found  to 
depend  on  the  rate  of  passage  through  resonance,  as  expected. 


17180  cm”’  17300  cm"' 


Figure  2.  Dressed-state  eigenvalues  for  2-photon  resonant,  3-photon  ionization  of  potas¬ 
sium.  Rydberg  states  are  ac-Stark  shifted  into  2-photon  resonance  as  the  laser  pulse 
turns  on  and  off.  The  rate  of  Intensity  increase  or  decrease  controls  the  probability  for 
trapping  population  in  the  intermediate  Rydberg  states.  (From  reference  22;  reprinted 
with  permission  from  author.) 

Passage  through  an  avoided  crossing  is  generally  neither  diabatic  nor  adia¬ 
batic,  but  rather  leads  to  a  superposition  of  the  ground  and  excited  states.  Since 
the  atom  must  pass  through  resonance  twice,  during  the  rising  and  falling  edge  of 
the  laser  pulse,  the  two  passages  may  interfere  either  constructively  or  destruc¬ 
tively,  leading  to  coherent  control  over  the  left  over  population  in  the  excited  state 
after  the  pulse.  In  order  to  exploit  this,  however,  it  is  necessary  to  isolate  regions 
of  the  focused  laser  pulse  where  the  intensity  is  fairly  uniform;  otherwise,  averag¬ 
ing  over  regions  with  different  intensity  histories  will  wash  out  any  coherent 
effects. 

The  experimental  difficulties  in  observing  the  coherence  between  the  two 
avoided  crossings  in  the  laser  pulse  have  been  recently  overcome  by  Jones  at  the 
University  of  Virginia.  In  work  reported  at  this  ICAP  meeting,  Jones  shows  that 
population  in  sodium  Rydberg  states  excited  via  multiphoton  absorption  can  be 
enhanced  or  decreased,  depending  on  the  phase  of  the  wave  function  at  the  two 
crossings. 

In  further  work  on  this  subject,  Jones  has  exploited  this  phase  control  to 
enhance  the  ionization  probability.  The  scheme  works  like  this:  if  two  pulses  are 
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incident  on  the  atom  with  just  the  right  time  delay,  the  population  transferred  from 
the  ground  to  the  excited  state  on  each  crossing  can  coherently  add.  This  can  lead 
to  an  ionization  enhancement  for  two  pulses  as  compared  to  one  pulse  of  nearly  a 
factor  of  20!  This  has  been  observed  by  Jones. 

3,  ATOMIC  STABILIZATION 

Strong  field  coherent  control  can  also  be  employed  to  suppress  the  ionization 
rate.  This  "stabilization"  of  the  atom  in  an  intense  field  has  been  an  area  of  active 
research  over  the  past  two  years.  Much  work  has  concentrated  on  an  idea  pro¬ 
posed  by  Gavrila  and  Pont  several  years  ago  (23,24,  and  see  ICAP  ’92  proceed¬ 
ings  for  details  and  further  references).  Briefly,  they  showed  that  in  a  very  intense 
and  very  high  frequency  laser  field,  bound  states  become  distorted  along  the  laser 
polarization  axis.  Eventually,  the  electron  wavefunction  becomes  delocalized 
from  the  atomic  potential.  This  reduces  the  binding  energy  of  the  state,  and  also 
reduces  the  ionization  cross  section. 

The  high  frequency  approximation  used  by  Gavrila  and  Pont  states  that 
ir^y  »  Eq.  This  is  not  realized  for  ground  state  atoms  in  optical  laser  fields;  how¬ 
ever,  since  the  distortion  of  the  wave  function  eventually  reduces  the  binding 
energy  of  all  bound  states,  they  conclude  that  even  tightly  bound  states  eventually 
reach  the  high  frequency  stabilization  regime.  The  lifetime  of  the  atom  in  a  laser 
field  can  be  plotted  vs  the  laser  intensity.  There  are  three  distinct  regions.  In  the 
lowest  intensity  region,  the  one  of  ordinary  ATI,  the  lifetime  decreases  steeply 
with  intensity.  As  the  intensity  rises,  eventually  the  atom  reaches  the  tunneling 
regime  where  the  lifetime  is  comparable  to  a  single  optical  cycle.  This  is  the  sec¬ 
ond  region,  which  has  become  known  as  "Death  Valley."  Beyond  this  is  the  third 
region,  the  regime  of  high  frequency  stabilization.  The  experimental  challenge 
has  been  to  devise  a  way  for  an  atom  to  survive  Death  Valley  as  the  laser  intensity 
rises  on  the  leading  edge  of  the  laser  pulse. 

Recently,  de  Boer  and  coworkers  have  found  evidence  for  high  frequency  sta¬ 
bilization  (25).  They  employed  several  experimental  tricks  to  achieve  the  stabi¬ 
lization  regime.  First,  they  worked  with  atoms  in  highly  excited  states,  so  that  the 
high  frequency  approximation  is  valid  throughout  the  experiment.  Their  most 
important  innovation  was  to  prepare  states  with  high  1  and  m  quantum  numbers, 
so-called  "circular  states."  In  these  states,  Death  Valley  is  considerably  shallower, 
thus  insuring  that  some  population  will  survive  the  rising  edge  of  a  100  fsec  laser 
pulse. 

The  experiment  was  performed  on  5g  states  in  neon  (25).  Figure  3  is  a 
schematic  of  the  experimental  arrangement.  5-photon  excitation  from  the  ground 
state  with  circularly  polarized  1  psec  286  nm  pulses  prepares  neon  in  the  5g  m=4 
state.  Actually,  the  experiment  utilized  adiabatic  transfer  of  population  at  an 
intensity-induced  avoided  crossing  between  the  ground  state  and  the  5g  state,  just 
as  in  the  experiment  of  Story  et  al.  described  above.  The  crossing  occurs  at 
I  =  8. 6  X  lO^^W/cm^.  The  ionization  of  the  5g  state  saturates  at  4  x  lO^'^W/cm^, 
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so  it  is  jKDSsible  to  excite  a  significant  traction  of  the  ground  state  without  ioniz- 


A)  PREPARATION 


ground-sta^ 
neon  {2pf 


B)  20-ps  DELAY 


5g-state  in 

magnetic 

field 


C)  IONIZATION/ 
STABILIZATION 


probe-beam 

poiarizaton 


Mgh-intensny 
■  poise 
tow-intensity 
"  poise 


Figure  3.  The  experimental  scheme  employed  in  reference  25.  Multiphoton  excitation  of 
the  5g  circular  state  in  Ne  is  followed  by  irradiation  by  an  intense  pulse.  Leftover  popula¬ 
tion  is  monitored  to  find  evidence  of  stabilization.  (Reprinted  with  permission  from 

author.) 

For  circular  states,  Gavrila’s  stabilization  theory  requires  a  laser  polarization 
along  z,  that  is,  normal  to  the  plane  of  the  orbit.  To  accomplish  this,  the 
researchers  allowed  the  atom  to  process  Ttfl  radians  in  a  0.9  T  magnetic  field. 
Then  they  illuminated  it  with  a  620  nm  probe  pulse  of  various  duration  and  peak 
intensity,  and  observed  the  ionization  of  the  5g  state.  Figure  4  shows  the  resulting 
spectra.  The  5g  peak  appears  to  saturate  if  the  pulses  are  intense  enough.  The 
results  are  undramatic,  but  significant.  This  is  the  first  evidence  that  high  fre¬ 
quency  adiabatic  stabilization  occurs. 

4.  MOLECULAR  STABILIZATION 

There  has  also  been  considerable  effort  to  control  molecular  processes  with 
short  lasers.  In  Hj,  the  the  AC  Stark  effect  creates  gaps  in  the  dressed  state  inter- 
nuclear  potentials  for  the  ground  state  and  first  excited  state  (see  figure  5).  These 
are  quite  analogous  to  the  dressed-state  avoided  crossings  in  atoms  (see  figure  2 
above).  Population  may  transfer  from  one  state  to  the  other  at  these  gaps  during 
an  intense  laser  pulse,  and  control  may  be  possible. 

One  of  the  more  interesting  aspects  of  these  laser-induced  avoided  crossings  is 
the  presence  of  new  light-induced  vibrational  potential  wells  formed  above  them. 
Recent  work  by  Mies  and  Giusti  suggest  that  population  bound  in  the  vibrational 
states  of  will  be  partly  trapped  in  these  new  vibrational  states  if  the  laser  pulse 
is  sufficiently  short  (26).  Zavriyev  et  al.  (27)  has  obtained  experimental  evidence 
for  this  light-induced  structure  in  recent  experiments. 

5.  CONTROL  STRATEGIES 

The  experiments  desoribed  above  all  achieve  some  degree  of  control  over  the 
ionization  process  by  adjusting  the  duration,  wavelength,  and  intensity  of  a  nearly 
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Figure  4.  Photoelectron  spectra  showing  evidence  of  adiabatic  stabilization.  For  long 
pulses,  higher  fluence  leads  to  less  population  left  over  in  the  5g  state  in  neon.  For  short 
pulses,  the  population  decrease  saturates.  (From  reference  25;  reprinted  with  permis¬ 
sion) 
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Figure  5.  Laser-dressed  energy  levels  of  in  a  3.5TW/cm^,  532  nm  laser  field.  Ener¬ 
gies  of  proton  fragments  fc'lov/ing  dissociation  are  shown  on  the  right  side. 


Gaussian  laser  pulse.  However,  current  short  pulse  laser  technology  allows  much 
more  significant  alteration  of  the  form  of  short  laser  pulses.  In  the  remainder  of 
this  paper,  we  will  discuss  several  new  methods  for  exerting  more  sophisticated 
control  over  atoms  with  strong  laser  fieMs. 
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5.1  Optical  Frequency  Multiplexing 

One  important  method  of  increasing  control  over  atomic  photoionization  and 
molecular  dissociation  is  by  combining  two  or  more  laser  colors.  In  weak  field 
experiments,  this  can  produce  multiple  pathways  which  may  interfere  depending 
on  the  relative  phase  of  the  two  laser  fields.  If  the  frequencies  are  commensurate, 
such  a  phase  can  always  be  defined(28,29).  In  a  strong  field  experiment,  we  enter 
the  tunneling  regime  described  in  figure  1:  the  instantaneous  tunneling  rate  dur¬ 
ing  each  field  cycle  depends  on  the  magnitude  of  the  instantaneous  electric  field, 
which  is  just  the  superposition  of  the  various  laser  fields.  2-color  experiments  are 
critical  tests  of  these  theories  (30). 

There  is  no  weU-defined  field  magnitude  where  perturbative  multiphoton  ion¬ 
ization  gives  way  to  tunneling;  however,  the  transition  is  fairly  rapid  in  high  order 
multiphoton  processes,  since  the  ionization  rate  is  changing  as  a  high  power  of  the 
intensity.  The  Keldysh  parameter  y  =  VEo/2Up  (31)  is  a  convenient  dimension¬ 
less  figure  of  merit  for  this,  y  is  roughly  one  over  the  product  of  the  tunneling 
rate  and  one-quarter  of  an  optical  period,  which  is  the  time  available  for  tunneling 
near  each  half-cycle  maximum  of  the  laser  field.  When  /  <  1,  ionization  is 
expected  to  be  dominated  by  tunneling.  Under  these  conditions,  the  phase- 
dependence  of  ionization  in  a  2-color  field  is  just  due  the  phase-dependence  of  the 
field  shape:  highest  rates  occur  when  the  fields  add  constructively,  and  the  tunnel 
barrier  is  most  suppressed. 

Several  experiments  have  begun  to  test  these  ideas  (32-35).  Schumacher  (35) 
recently  showed  that  it  is  possible  to  focus  an  intense  laser  beam  and  its  second 
harmonic  into  an  atomic  gas  so  that  the  phase  shift  between  the  two  colors  is  sta¬ 
ble,  measurable,  and  well-controlled.  He  used  this  control  to  test  the  two-step 
model  of  above-threshold  ionization  outlined  above. 

In  Schumacher’s  experiment,  there  is  a  two-color  pulsed  laser  field  ^(t)  con¬ 
sisting  of  a  field  Fi(t)  with  fundamental  frequency  O)  produced  by  an  amplified 
mode-locked  Nd:YAG  laser  (r  =  l(X)psec,  X  =  1064nm),  and  its  second  harmonic, 
F2(t).  ^(t)  is  the  coherent  sum  field 

^(t)  =  Fi  (t)  cos  (o\  +  F2(t)cos(2^yt  -I-  (f) 

The  fields  are  equal  in  magnitude,  and  they  are  phase-locked  to  each  other 
because  F2(t)  is  produced  via  second  harmonic  generation  in  a  KD*P  crystal. 
Care  is  taken  to  focus  the  two  beams  so  that  their  relative  phase  in  the  focus  is 
constant  and  stable.  Their  polarizations  are  parallel.  The  amplitude  and  shape  of 
^(t)  depends  on  the  relative  phase  which  can  be  determined  absolutely  using 
nonlinear  frequency  mixing  and  optical  rectification  in  a  second  KD*P  crystal 
placed  inside  the  vacuum  chamber  where  the  experiment  takes  place. 

The  experiment  was  performed  in  Krypton,  where  at  least  12  (1064  nm)  pho¬ 
tons  are  required  to  ionize.  Figure  6  shows  a  2-color  ATI  spectrum  for  ^  =  0,  and 
Fi  =F2=  1.2V/A.  (Total  intensity  of  4x  lO^^W/cm^.)  Electrons  are  detected 
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Figure  6.  Krypton  ATI  photoelectron  spectrum  for  equal  amplitude  532  nm  and  1 064  nm 
radiation,  with  relative  phase;  <!>  =  0.  (From  reference  35,  reprinted  with  permission.) 

emerging  along  the  polarization  axis,  but  in  only  one  direction.  (This  makes  it 
possible  to  observed  left/right  asymmetries  in  the  ionization  spectrum.)  There  are 
two  series  of  peaks  (large  and  small)  corresponding  to  two  different  final  states  in 
the  ion.  The  ^-dependence  for  the  third  through  sixth  large  peaks  (^P3/2  final 
state)  are  shown  in  figure  7  together  with  the  predictions  of  the  2-step  model.  It  is 
quite  clear  that  by  controlling  the  phase,  one  can  control  the  spectrum.  For  exam¬ 
ple,  the  phases  with  the  highest  ionization  rates  do  not  produce  the  highest  energy 
electrons. 


Figure  7.  <p  dependence  of  ATI  peaks  3  through  6,  for  total  Intensity  of  4  x  lO^^W/cm^. 
Tunneling  model  predictions  shown  at  right.  (From  reference  35.  reprinted  with  permis¬ 
sion.) 
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As  the  intensity  goes  up,  the  data  start  to  deviate  from  the  predictions  of  the 
simple  model.  The  two-step  model  describes  the  essential  physics  for  low  inten¬ 
sities  and/or  for  low  energy  electrons;  but  high  energy  electrons  are  produced  at 
high  intensities  by  some  additional  process.  Again  the  phase  dependence  is  criti¬ 
cal  to  this  observation  because  the  excess  high  energy  electrons  are  produced  pre¬ 
dominantly  in  one  direction.  Excess  high  energy  electrons  have  been  seen  in 
other  experiments  as  well  (2,36),  The  mechanism  for  producing  the  excess  is  still 
not  clear,  but  one  plausible  idea  proposed  by  several  researchers  is  core  rescatter¬ 
ing  foUowing  ionization  (2).  The  electrons  scattered  by  their  parent  ion  are  reac¬ 
celerated  by  the  laser  field,  and  on  average  they  gain  initial  kinetic  energy.  This  is 
essentially  the  same  mechanism  as  radio-frequency  heating  in  plasmas,  except 
that  here  it  is  the  parent  ion  that  scatters  the  electron. 

Schumacher  also  tested  this  hypothesis  by  comparing  his  linear  polarization 
results  with  those  obtained  if  he  introduced  a  small  amount  of  elliptical  polariza¬ 
tion.  The  idea  is  that  the  probability  of  core  rescattering  is  greatly  reduced  in 
elliptically  polarized  light,  since  the  electron  is  diverted  from  the  parent  ion  by  the 
out-of-phase  component  of  the  field.  Indeed,  the  large  phase  asymmetry  seen  for 
high  intensity  2-color  ATI  disappeared,  lending  support  to  the  rescattering  argu¬ 
ment. 

5.2  Mixing  Colors  in  Dissociation  Experiments 

2-color  strong-field  laser  control  has  also  been  discussed  as  a  means  of  con¬ 
trolling  molecular  dissociation  (37,38).  Here  the  mixing  of  co  and  2  co  breaks  the 
left-right  symmetry  along  the  polarization  axis.  Recent  calculations  show  how 
frequency  multiplexing  may  be  used  to  align  molecules  and  to  select  the  channel 
or  even  the  directions  of  the  fragments  (39).  The  simplest  case  is  again  H2,  where 
the  fragments  are  a  proton  and  a  hydrogen  atom.  Here,  different  above-threshold 
dissociation  channels  can  open  and  close,  and  the  proton  can  be  preferentially 
directed  in  either  sense  along  the  polarization  direction  (39).  In  the  case  of  HD, 
Mies  and  Giusti  suggest  that  isotopic  selectivity  may  also  be  possible  ,in  the  sense 
that  the  deuteron  and  proton  may  be  ejected  in  different  preferred  directions  (40). 
Experiments  to  test  these  ideas  are  underway  at  Brookhaven  and  Michigan. 

5.3  Pulse  Shaping 

Frequency  mixing  is  not  the  only  way  to  modulate  intense  laser  fields.  A 
more  general  technique  is  pulse-shaping,  where  the  laser  electric  field  may  by 
sculpted  into  a  desired  form  by  frequency  and  phase  modulations.  This  is  no 
longer  a  hypothetical  possibility;  liquid  crystal  modulators  have  now  been 
employed  to  provide  independent,  programmable  amplitude  and  phase  control  in 
amplified  sub-picosecond  pulses. 

A  group  at  the  University  of  Michigan  used  amplified  programmable  shaped 
optical  pulses  recently  to  engineer  Rydberg  wavepackets  (41).  In  the  strong  field 
regime,  any  arbitrary  v/a  'epacket  superposition  can  be  obtained  by  manipulating 
the  light  that  creates  the  excited  state.  The  demonstration  experiment  uses  llOfs 
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785  nm  pulses  containing  about  10  nm  of  bandwidth,  obtained  from  a  TirSapphire 
Kerr-lens  modelocked  laser.  The  pulse  shaper  is  built  in  a  a  zero-dispersion  grat¬ 
ing-pulse  expander.  This  is  essentially  two  diffraction  gratings  with  an  inverting 
telescope  inbetween.  This  device  can  be  configured  to  produce  no  net  dispersion; 
however,  in  the  middle  of  the  telescope  where  where  the  light  is  focused,  all  the 
frequency  components  are  dispersed  in  the  horizontal  plane.  Two  liquid  crystal 
displays  (LCD’s)  similar  to  those  found  in  laptop  computers  intersect  the  beam  at 
this  point  (42).  These  produced  independent  computer-controlled  phase  delays  or 
polarization  shifts,  providing  both  phase  and  amplitude  control  over  each  color  in 
the  pulse.  The  pulses  are  amplified  to  1  mJ  in  a  standard  chirped-pulse  amplifier 
(43).  The  shape  following  amplification  is  characterized  using  a  frequency- 
resolved  optical  gate  (44). 

The  nonstationary  states  excited  by  the  shaped  pulses  in  the  demonstration 
experiment  are  constructed  from  the  np  Rydberg  states  in  Cs.  Population  in  the 
Rydberg  states  is  monitored  using  ramped-field  ionization.  In  this  common  analy¬ 
sis  technique,  a  slowly  ramping  dc  electric  field  after  the  laser  pulse  ionizes  the 
wavepacket  as  it  reaches  its  field-ionization  threshold  (F  =  l/(2n*)'*).  In  this  way, 
the  np  Rydberg  states  making  up  the  wavepacket  are  dispersed  in  time  in  the 
detector. 

The  simplest  way  to  see  the  effect  of  the  pulse  shaper  is  to  observe  spectral 
shaping  in  the  Rydberg  populations  observed  during  ramped  field  ionization.  Fig¬ 
ure  8  shows  two  ramped-field  spectra:  one  from  a  near-Gaussian  pulse,  and  the 
second  from  a  pulse  in  which  frequencies  corresponding  to  all  but  four  np  states 
have  been  selectively  removed.  Such  a  pulse  is  easy  to  produce  in  the  pulse 
shaper. 

A  more  sophisticated  technique  for  observing  shaped  pulses  is  the  "optical 
Ramsey  method"  as  foUows  (45):  The  shaped  light  is  split  into  two  identical 
pulses  with  a  Michelson  interferometer.  The  time  separation  between  the  pulses 
can  be  varied  over  several  picoseconds.  Each  pulse  in  the  pair  excites  Cesium 
from  a  pre-excited  7s  state  to  a  sculpred  wave  function  or  "wavepacket",  i.e.  a 
coherent  superposition  of  np  states  centered  around  n=27.  The  two  wavepackets 
are  phase-coherent  with  respect  to  each  other  so  there  is  interference  between 
them.  This  changes  the  votal  population  excited  into  each  Rydberg  state  as  the 
time  delay  is  moved.  T1  e  population  vs.  time  is  an  interferometric  autocorrelation 
of  the  complex  scalar  wavefunction  of  the  excited  atom. 

In  the  limit  of  little  depletion  of  the  7s  state,  this  autocorrelation  is  related  to 
the  fourier  transform  of  the  spectral  amplitude  function  of  the  pulse,  much  as  a 
Michelson  autocorrelation  of  an  optical  field  can  be  used  for  spectroscopy.  In 
strong  fields.  The  depletion  of  the  7s  stated  by  the  first  pulse  changes  the 
wavepacket  excited  by  the  second  pulse.  Tliis  additional  feature  might  be  used  to 
extract  phase  information  about  the  wavepacket  as  well. 
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Figure  8.  Top:  ramped  field  spectrum  from  a  Gaussian  pulse.  Bottom:  ramped  field  spec¬ 
trum  from  a  shaped  pulse. 

Figure  9  shows  the  autocorrelation  of  the  Cs  wavepacket  produced  by  the 
shaped  pulse  shown  above.  A  calculation  is  also  shown  for  comparison. 
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Figure  9.  Autocorrelation  of  a  3-state  cesium  wavepacket  produced  by  a  shaped  optical 
pulse.  Also  shown  is  a  calculation  of  the  expected  autocorrelation  function. 

5.4  Half-Cycle  Pulses 

Ultimate  quantum  control  requires  the  ability  to  sculpt  any  arbitrary  wave- 
function.  This  is  certainly  beyond  reach  with  present  technology.  However,  for  a 
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large  number  of  problems  in  ionization,  dissociation,  or  bond-selective  chemistry, 
we  can  set  a  more  modest  goal  of  manipulating  the  wavefunction  on  a  timescale 
comparable  to  the  quantum  dynamics.  For  Rydberg  atoms,  and  for  most 
molecules,  present  ultrafast  laser  technology  (Tpuke  >  20fsec)  is  nearly  sufficient, 
I  provided  we  have  total  control  of  the  light  field  in  this  timescale.  Therefore,  a 
great  emphasis  is  placed  on  the  ability  to  expand  the  usable  coherent  bandwidth  in 
the  pulse. 

In  this  final  section,  ve  will  describe  recent  advances  in  manipulating  ultra¬ 
-short  far  infrared  pulses.  The  number  of  field  cycles  in  these  pulses  can  actually 
approach  the  dc  limit  where  the  field  merely  traces  out  the  upper  or  lower  enve¬ 
lope  of  the  optical  pulse  train.  We  call  these  "half-cycle  pulses"  (HCP),  since  they 
contain  less  than  one  full  optical  cycle. 

Large  (~10  -  lOOkV/cm)  HCP*s  are  produced  when  a  100  fsec  optical  pulse  is 
incident  on  a  field-biased  direct-gap  semiconductor  such  as  GaAs  or  InP  (46,  47). 
The  electric  field  in  the  pulse  is  produced  by  the  rapidly  changing  photocurrent  in 
the  semiconductor  following  excitation,  and  propagates  in  the  direction  of  the 
incident  laser  due  to  elementary  phase-matching  requirements.  Since  the  HCP  is 
freely  propagating,  it  can  be  reflected  fi-om  metal  mirrors,  focused,  and  directed 
into  an  atomic  or  molecular  beam  or  cell.  Typically,  the  pulse  is  about  4(X)  fsec  in 
duration,  with  a  coherent  bandwidth  of  more  than  1  THz. 

The  "half-cycle"  nature  implies  that  the  time  integral  of  the  field  is  not  zero. 
This  is  possible  because  the  current  distribution  in  the  semiconductor  is  not  the 
same  before  and  after  the  pulse,  i.e.  there  is  no  current  prior  to  excitation,  but 
-Ipsec  afterwards  a  dc  ciurent  is  flowing  through  the  semiconductor.  There  is  a 
slow  recharge  period  of  several  hundred  ^sec,  when  the  dc  current  turns  off.  This 
produces  a  tiny  but  persistent  negative  tail  in  the  field,  so  that,  over  milliseconds, 
the  time  integral  really  does  vanish.  However,  for  the  purpose  of  manipulating 
wavefunctions  with  dynamical  timescales  of  lOOfsec  to  a  few  psec,  the  field  is 
nearly  unipolar,  hence  "half-cycle." 

Rydberg  states  in  alkali  atoms  show  off  the  unique  features  of  HCP’s.  Here 
we  will  show  the  results  of  two  experiments  in  our  laboratory.  In  the  first,  Jones 
et  al  (48)  studied  the  stability  of  Rydberg  ns  and  nd  states  in  Na  to  HCP’s.  The 
states  are  bound  by  100  cm"^  or  more,  so  that  single  photons  within  the  HCP 
coherent  bandwidth  cannot  ionize,  the  atom.  Furthermore,  dc  field  ionization  is 
not  expected,  because  the  duration  of  the  pulse  is  much  shorter  than  the  Kepler 
orbit  time  of  the  atom.  Expressed  in  terms  of  wave  mechanics,  this  means  that 
most  of  the  wavefunction  does  not  sample  the  saddle-point  in  the  potential  during 
the  pulse.  The  data  are  summarized  in  figure  10,  and  show  some  remarkable 
trends.  First,  the  ionization  vs  field  strength  for  each  n  state  displays  neither  a 
power  law  nor  a  sharp  threshold  behavior,  instead,  there  is  a  slow  tum-on,  fol¬ 
lowed  by  a  rapid  rise  to  nearly  100%  ionization. 
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Figure  10.  Ionization  signal  as  a  function  of  the  peak  electric  field  In  the  half -cycle  pulse, 
for  18d,  26d,  34d  initial  states  In  Na.  The  smooth  curves  are  classical  simulations  (48)  for 
these  states.  Best  agreement  occurs  for  a  rescale  factor  of  1 .3  in  the  experimental  elec¬ 
tric  field.  (From  ref.  47,  reprinted  with  permission.) 

A  pulse  of  the  same  duration  and  bandv/idth,  but  centered  at  optical  frequen¬ 
cies,  has  a  completely  different  behavior  (49-51).  For  optical  pulses,  ionization 
can  only  take  place  near  the  ion  core,  where  the  electron  can  exchange  momentum 
with  the  ion.  Most  of  the  state  probability  density  is  located  at  large  distances 
from  the  core,  so  the  ionization  probability  saturates  at  only  a  few  percent  ioniza¬ 
tion.  This  behavior  has  been  studied  extensively,  and  is  now  usually  described  as 
the  formation  of  a  trapped  nonstationary  state  called  a  "dark  wavepacket." 

We  can  understand  the  different  behavior  of  HCP  ionization  from  simple  clas¬ 
sical  dynamics  argumerts.  The  key  is  that  an  HCP  electric  field  has  a  nonzero 
time  integral,  so  that  it  car:  transfer  much  more  momentum  to  an  electron  than  the 
photon  momentum  hcM.  The  electron  receives  a  kick  from  the  field  which 
changes  its  momentum  by 

oo 

^p  =  J  F(t)dt, 

where  F(t)  is  the  HCP  field.  Even  electrons  at  rest  can  receive  substantial  energy 
from  this.  More  generally,  we  can  integrate  the  energy  change: 

AE  =  -  J  F(t)  •  v(t)dt, 

where  v(t)  is  the  velocity  of  the  electron.  The  results  of  the  classical  simulation 
are  shown  in  figure  10. 
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Perhaps  the  most  dramatic  illustration  of  the  effect  of  HCP’s  on  atoms  was  in 
a  recent  experiment  performed  at  Virginia  and  Michigan  on  "oriented"  Rydberg 
states  (52).  Such  states  are  produced  when  an  electric  field  is  used  to  split  the  1- 
degeneracy  of  Rydberg  atoms.  This  permits  the  selective  excitation  of  states  with 
permanent  electric  dipole  moments,  where  the  electron  wave  function  is  predomi¬ 
nantly  on  one  side  of  the  atom.  Then  the  ionization  probability  depends  not  only 
on  the  magnitude  of  the  HCP,  but  also  on  its  orientation  relative  to  the  atom. 
Atoms  ionize  most  easily  when  the  HCP  produces  a  force  on  the  electron  in  the 
direction  away  from  the  ion  core.  These  results  can  be  qualitatively  understood 
classical  aiguments.  Figure  11  shows  ionization  curves  for  two  states  with  the 
opposite  orientation,  along  with  classical  simulations. 
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Figure  11.  Ionization  sign?;l  n;=17  states  in  Na.  with  two  different  orientations:  (a)  dipole 
moment  along  -z  (b)  dipole  moment  along  +z.  Light  and  dark  lines  are  for  HCP  field 
directions  -z  and  +z,  respectively,  (o)  and  (A)  trace  classical  simulation  results  for  -z  and 
+z  HCP  directions,  respectively.  From  ref.  B2,  wHh  permission. 
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Abstract.  Collisions  of  atoms,  ions,  electrons  and  molecules  play  an  important  role  in 
the  interpretation  of  astronomical  observations  and  in  our  understanding  of  the  physical 
characteristics  and  the  history  and  evolution  of  astronomical  objects.  Two  very  different 
astrophysical  environments  are  explored  here.  Collision  processes  leading  to  the 
formation  of  molecules  in  the  early  universe  are  discussed.  Because  of  their  unique  cooling 
capabilities,  molecules  may  have  been  significant  in  enabling  the  first  objects  to  form 
from  primordial  clouds.  Atomic  collisions  are  central  to  the  interpretation  of  emission 
lines  in  astrophysical  plasmas.  Recent  work  in  predicting  element  abundances  in 
planetary  nebulae  is  highlighted. 


INTRODUCTION 

The  collision  events  which  will  be  described  here  have  not  received  the  same 
media  attention  that  the  recent  series  of  collisions  of  Comet  Shoemaker-Levy  with 
the  planet  Jupiter  have  received.  I  will  be  discussing  collision  processes  involving 
atoms,  ions,  and  electrons  in  several  different  astrophysical  environments:  first, 
examining  the  role  of  atomic  collisions  in  molecule  formation  in  the  early  universe; 
and  second,  elucidating  atomic  collision  processes  in  astrophysical  plasmas  in  order 
to  understand  emission  lines  of  ions  in  gaseous  nebulae. 

A  detailed  characterization  of  many  astronomical  objects — including  chemical 
abundances,  ionization  balance,  heating  and  cooling  processes,  formation  and 
destruction  of  molecules — involves  understanding  the  relevant  atomic  collision 
processes.  Signatures  of  these  processes  can  provide  important  diagnostics  of 
these  environments — clues  as  to  the  physical  characteristics  such  as  temperature, 
densities  and  radiation  field  in  these  regions.  In  addition,  the  atomic  collision 
processes  themselves,  affect  critically  the  evolution  of  the  objects  in  question. 

I  would  like  to  acknowledge  the  pioneering  work  of  Sir  David  Bates  in  the  area 
of  atomic  collision  processes  relevant  to  astrophysics  and  atmospheric  physics. 
Bates’  contributions  were  many  and  he  established  at  the  Queen’s  University, 
Belfast  an  internationally  recognized  research  group  in  the  area  of  atomic  and 
molecular  processes.  Although  he  had  officially  retired  several  years  ago.  Bates 
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continued  his  exceptionally  productive  research  up  until  the  day  he  died,  on  January 
5, 1994.  This  paper  is  dedicated  to  him. 


FORMATION  OF  MOLECULES  IN  THE  EARLY 
UNIVERSE 

Most  civilizations,  if  they  had  an  interest  in  astronomy  or  science  at  all,  have 
pondered  the  origin  of  the  universe.  Modern-day  physicists  and  astronomers  are 
no  exception.  But  as  Steven  Weinberg  in  his  book  The  First  Three  Minutes  (1) 
noted,  there  has  always  been  an  aura  of  the  disreputable  surrounding  such 
research,  because  of  its  highly  speculative  nature.  Observational  evidence  and  a 
solid  theoretical  foundation  on  which  to  construct  a  credible  scenario  for  the  early 
universe  has  been  lacking  until  recently.  Thus  it  is  intriguing  to  bring  atomic 
collision  processes  into  our  consideration  of  the  early  universe,  as  I  think  atomic 
physics  can  lend  a  certain  respectability  to  this  discipline.  In  particular,  the  focus 
will  be  on  atomic  collisions  central  to  the  formation  of  primordial  molecules. 

Although  cosmology  is  still  very  much  “a  data-starved  science,”  (2)  there  has 
been  considerable  progress  in  the  last  several  decades  in  our  understanding  of  the 
early  universe.  There  is  now  “the  standard  cosmological  model”  which  more  or 
less  incorporates  elements  of  “the  big  bang  theory”  and  there  are  at  least  two 
somewhat  different  models  of  primordial  nucleosynthesis.  There  is  the  discovery 
of  and  continuing  research  on  the  large-scale  structure  of  the  universe,  in  which  the 
clustering  of  galaxies  has  been  shown  to  exist  in  filamentary  and/or  sheet- like 
structures,  together  with  large  voids  in  which  there  is  no  visible  matter.  There  have 
been  observations  of  objects  out  to  a  red-shift  of  almost  4.  Recent  results  from 
measurements  by  the  COBE  satellite  have  shown  the  existence  of  small  temperature 
fluctuations  in  the  cosmic  microwave  background  which  are  thought  to  arise  due  to 
small  density  inhomogeneities  in  the  universe  at  the  time  of  decoupling  of  matter 
and  radiation.  And  just  this  month  there  was  reported  the  first  observational 
evidence  that  the  intergalactic  medium  consists  of  a  highly  ionized  plasma  of 
hydrogen  and  helium  (3),  consistent  with  Big  Bang  nucleosynthesis  theory. 

There  are  many  questions  still  to  be  answered,  particularly  with  respect  to  the 
formation  of  the  first  density  inhomogeneities  and  the  evolution  of  primordial 
clouds  from  which  the  first  objects  formed.  Atomic  collision  processes  may  have 
played  a  significant  role  in  this  scenario.  The  chemistry  of  the  early  universe  has 
been  explored  previously  by  Lepp  and  Shull  (1984)  (4),  Lepp  and  Dalgamo  (1987) 
(5),  and  summarized  by  Dalgamo  and  Fox  (1994)  (6)  and  much  of  the  following 
discussion  is  taken  from  these  references. 

In  the  Beginning,  according  to  standard  cosmology,  in  the  first  10’^  seconds  the 
temperature  was  10^^  K  and  the  universe  consisted  of  a  “soup”  of  elementary 
particles,  including  photons,  leptons,  quarks  and  neutrinos.  In  the  first  100 
seconds,  as  the  temperature  dropped  to  10^  K,  primordial  nucleosynthesis  took 
place,  producing  from  the  protons  and  neutrons  a  few  other  nuclei  in  the  following 
abundance  ratios  with  respect  to  hydrogen:  D**"  (D/H'-5xl0'^),  (Li/H'-lxlO'^® 
to  1x10'^),  ^He'^^C^He/H-10'^)  and  ^He'^2(^He/H~10'^).  The  universe  was  hot 
and  dense,  with  radiation  and  matter  in  thermal  equilibrium  maintained  by  the 
scattering  of  photons  by  free  electrons.  The  space  occupied  by  the  universe 
expanded  adiabatically  and  the  universe  cooled. 
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At  first  the  radiation  field  was  energetic  enough  that  all  atoms  remained  fully 
stripped.  With  the  expansion  occurring,  the  temperature  steadily  decreased.  The 
process  of  radiative  recombination  ^  in  which  nuclei  capture  electrons  and  emit 
photons,  took  place  and  the  universe  started  to  become  less  ionized  as  the  photon 
energies  become  low  enough  that  the  reverse  process  of  photoionization  could  no 
longer  take  place.  The  first  species  to  recombine  was  Li"^^: 


+  e +  hv  , 


followed  rapidly  by 

LR2  +  g  ^  lR  +  /iu  .  (I.P.~75.6  eV). 

Then  He'^^  recombined 

He^2  +  ^  ^  He+  +  /lU  , 

followed  by 

He-^+  e  He+  hv  .  (LP.~24.6  eV). 

With  the  formation  of  neutral  helium,  the  first  molecules  could  begin  to  be  made 
(6).  Otherwise,  the  impact  of  these  recombinations  was  relatively  minor  because 
the  abundances  of  these  species  was  small  compared  to  hydrogen. 

The  first  molecule  formation  took  place  through  the  process  of  radiative 
association  in  which  two  nuclei  collide  and  are  stabilized  as  a  molecule  by  the 
emission  of  a  photon: 


He+  +  He-»  He2-^  +  ^u 
LR  +  He^  LiHe-'  +  ;zu 
H+  +  He-^  HeH+  +  /iu 


For  LiHe"^  and  HeH"^,  radiative  association  takes  place  entirely  through  the  ground 
state  potential  curve  by  spontaneous  emission  from  the  vibrational  continuum 
into  the  bound  vibrational  levels.  As  this  process  is  governed  by  linear  and  higher 
order  terms  in  the  dipole  moment  of  the  ground  state,  it  is  very  improbable,  with  a 
very  small  rate  coefficient.  For  He2''‘,  however,  the  atoms  can  approach  each  other 
along  an  excited  state  potential  curve  from  which  the  system  can  radiate  to 
the  ground  state  The  rate  coefficient  is  determined  by  the  dipole  transition 

moment  -  ^2/)  in  this  case  and  is  significantly  enhanced  (7). 

Destruction  mechanisms  for  these  molecules  include  photodissociation, 
dissociative  recombination,  and  collisions  with  neutral  hydrogen.  The  radiation 
field  is  still  hot  enough  that  photodisssociation  is  rapid  for  He2‘^ 
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+  hv^  He"^  +  He  . 

However,  HeH'^  and  LiHe^,  at  high  temperatures  pertaining  for  large  z,  have  such 
high  effective  thresholds  for  photodissociation,  ~lleV  and  ~19eV,  respectively, 
that  they  are  not  easily  destroyed  by  photons. 

Dissociative  recombination  rates  are  known  only  for  HeH'*'  (8): 

He2^  +  ^  He  He 
LiHe^  +  €  — ^  Li  +  He 
HeH+  +  e^He  +  H  . 

Collisions  with  atomic  hydrogen  can  become  significant  as  cooling  continues 

He2^  +  H  ^  He  +  He  +  H+ 


and 


HeH^  +  H^Hs-'+He  . 

After  approximately  100,000  years,  at  a  redshift,  z,  of  about  1000,  the 
temperature  decreased  to  ~3000K.  Photoionization  of  atomic  hydrogen  was  no 
longer  effective  in  reversing  the  radiative  recombination  of  protons  and  electrons: 

+  e  ^H  +  hv  . 

During  this  period,  known  as  the  recombination  epoch,  the  universe  started  to 
become  neutral.  The  particle  density  at  this  time  was  approximately  10^  cm  '^.  At 
this  point  the  radiation  and  matter  began  to  lose  thermal  contact  with  each  other,  due 
to  the  disappearance  of  free  electrons,  and  from  then  on  the  temperature  of  matter 
decreased  more  rapidly  than  the  temperature  of  the  radiation.  With  the  advent  of  the 
recombination  era,  neutral  molecules  could  be  formed — H2  being  the  most 
abundant. 

Unlike  the  other  molecules  described  so  far,  molecular  hydrogen  is  not  formed 
by  radiative  association  of  ground  state  atoms.  Because  H2  lacks  a  dipole  moment, 

formation  directly  through  the  ground  state  potential  curve  is  not  possible. 

Formation  along  the  excited  potential  curve  would  necessitate  a  highly 
forbidden  triplet-singlet  transition. 

The  two  main  mechanisms  for  H2  formation  involve  protons  and  electrons  as 
catalysts.  The  first  mechanism  to  become  operative  while  the  universe  was  still 
partially  ionized  involves  radiative  association  to  form  H2‘'': 


H+  +  H^H2+  +  ^u 

followed  by  charge  transfer  with  neutral  hydrogen,  regenerating  the  proton: 
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H  +  H2  +  H+  . 

The  second  mechanism  involves  as  a  first  step  radiative  attachment  to  form  H': 

H  +  e  +  hv 

followed  by  associative  detachment  to  form  H2: 

H-  +  H  ->  H2  +  e  . 

This  mechanism  can  only  become  a  significant  source  for  H2  when  the  radiation 

field  has  cooled  sufficiently  that  the  reverse  process  of  photodetachment  of  H*  is 
not  effective. 

Two  additional  ways  of  contributing  to  the  H2  production  by  first  producing 
H2'*',  which  then  undergoes  charge  transfer  to  produce  H2,  include: 

HeH^  +  H  H2^  +  He 


and 


H(«=2)  +  H  —>  H2’^  +  e  .  (associative  ionization) 

Mutual  neutralization  of  H'  by  reactions  with  H2'^,  and  He"*"  diminishes  slighdy 

the  formation  of  H2  from  H’.  Once  formed,  H2  is  not  easily  destroyed  in  the  early 
universe  due  to  the  steadily  decreasing  temperature  of  the  radiation  field. 

The  formation  of  molecules  from  the  trace  constituents  Li  and  D  is  of  interest 
because  such  molecules  have  non-zero  dipole  moments  and  therefore,  despite  their 
low  abundances,  they  may  have  played  a  significant  role  in  cooling  the  primordial 
gas.  HD  is  formed  in  ways  exactly  analogous  to  H2,  but  in  addition 

+  H2  ^  H-"  +  HD 

and  radiative  association  is  possible  through  the  ground  state  of  HD  because  of  the 
small  permanent  dipole  moment  The  rate  of  this  latter  process  is  very  small  (4). 

After  most  of  the  H'^  has  recombined,  the  ^Li  still  exists  as  Li"^  because  the 
ambient  radiation  field  has  not  cooled  sufficiently  to  prevent  photoionization  of  Li 

(I.P.  5.4  eV).  It  is  not  clear  whether  the  Li"^  will  ever  be  able  to  recombine, 
because  by  the  time  the  radiation  field  has  cooled  sufficiently,  almost  all  the  free 
electrons  have  been  recombined  with  the  hydrogen,  leaving  a  density  ng/n  u  as  low 

as  (4)  1x10'^  and  the  overall  particle  density  may  be  so  low  that  collisions  have 
become  exceedingly  rare. 

However,  LiH'*'  may  be  formed  by  radiative  association  of  Li"^  and  H: 


Li+  -H  H  LiH+  -H  hv  . 
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Stancil,  Kirby  and  Dalgamo  (9)  have  calculated  this  rate  coefficient  to  be  ~ 
10“^^  cm^  s'^  The  photodissociation  threshold  of  LiH'^  is  ~8eV  and  once  the 
radiation  field  has  cooled  sufficiently  the  molecule  will  not  be  easily 
photodissociated.  Additional  destruction  channels  include  dissociative 
recombination: 


LiH+  +  e  ->  Li  +  H 
and  collisions  with  neutral  hydrogen: 

LiH+  +  H->  Li+  +  H2  . 

Dissociative  recombination  results  in  neutral  lithium.  The  radiation  association 
of  Li  with  both  H  and  has  also  been  studied: 

Li  +  H'-->LiH+  +  *i; 


and 


Li  +  H  LiH  +  . 


Preliminary  studies  appear  to  indicate  that  the  formation  of  LiH'^  will  be  favored 

significantly,  even  though  the  ratio  n{W)/n{H)  is  These  results  should  be 

of  considerable  interest  to  astronomers  carrying  out  searches  for  highly  redshifted 
ro- vibrational  lines  of  LiH  thought  to  be  emitted  in  collapsing  proto-clouds  (10), 
and  to  those  who  would  like  to  use  LiH  and  LiH"^  observations  at  high  red-shifts  to 
constrain  primordial  nucleosynthesis  models  (11). 

To  summarize  the  preceding  discussion.  Figure  1  shows  the  log  of  the  fractional 
abundances  of  the  various  atoms,  ions  and  most  abundant  molecules  as  a  function 
of  the  redshift,  z.  The  cosmological  redshift  is  the  result  of  the  fact  that  space  is 
expanding  and  the  wavelength  of  the  individual  photons  mcrea^s  in  proportion  to 

the  size  of  the  universe.  The  red-shift  is  defined  as:  z  =  - —  .  Thus  z=0  is 


'lab 


the  present  epoch,  and  as  we  go  to  higher  redshifts  we  go  back  in  time  to  earlier 
epochs.  From  Figure  1,  obtained  from  J.  H.  Black  (12),  one  can  see  the 
disappearance  of  the  ions,  He'^'^,  He"^  and  as  recombination  occurs,  and  the 
formation  of  molecules  starting  at  redshifts  around  z~1000.  The  LiH'^  and  LiH  is 
not  included  in  this  figure  because  the  quoted  rate  coefficients  and  formation 
processes  have  not  yet  been  included  in  a  time-dependent  code  for  evolution  of  the 
early  universe.  As  can  be  seen,  the  total  fractional  abundance  of  molecular  material 

approaches  -8x10'^,  and  is  overwhelmingly  H2. 

Despite  the  low  fractional  abundance,  the  role  of  primordial  molecules  may  be 
quite  significant.  There  have  been  recent  papers  addressing  the  effect  of  primordial 
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FIGURE  1.  The  fractional  abundance  of  the  various  ions  of  hydrogen  and  helium  as  a 
function  of  red  shift  (see  Reference  12). 


molecules  on  the  thermal  evolution  of  the  early  universe  (13)  and  the  influence  of 
such  molecules  on  cosmic  background  radiation  anisotropies  at  redshifts  between 
400  and  10  (14). 

Molecules  are  more  effective  coolants  than  atoms  like  H  and  He,  particularly  for 
temperatures  ranging  from  100-10,000K.  Cooling  is  accomplished  when  kinetic 
energy  of  the  gas  is  transformed  through  collisional  excitation  into  internal  energy 
which  is  then  radiated  away.  The  numerous  vibrational  and  rotational  energy  levels 
in  molecules,  which  can  be  excited  at  much  lower  temperatures  than  electronic 
energy  levels,  allow  for  ample  cooling.  Molecules  with  large  dipole  moments  can 
be  significant  even  at  extremely  low  abundance.  Molecular  hydrogen,  with  no 
dipole  moment,  must  cool  through  electric  quadrupole  transitions. 

The  cooling  function  of  molecules  may  have  been  critical  to  the  formation  of  the 
first  objects,  enabling  gravitational  collapse  to  occur.  After  collapse  is  initiated 
there  must  be  mechanisms  to  radiate  away  the  energy.  Otherwise,  the  temperature 
will  increase  and  collapse  will  stop  because  gravity  will  not  be  able  to  overcome  the 
gas  pressure.  Although  there  are  attempts  to  observe  the  photons  emitted  by 
primordial  molecules  at  large  redshifts,  the  molecules  themselves  were  probably 
destroyed  by  ultraviolet  radiation  from  the  first  stars. 


ATOMIC  COLLISION  PROCESSES  IN  ASTROPHYSICAL 

PLASMAS 

Atomic  physics  plays  a  pre-eminent  role  in  the  interpretation  of  observations  of 
emission  lines  in  astrophysical  plasmas — such  as  are  found  in  stellar  atmospheres, 
including  the  sun,  and  gaseous  nebulae.  There  is  not  enough  space  to  do  justice  to 
this  subject,  but  it  is  an  area  that  has  experienced  significant  progress  over  the  past 
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decade  both  with  respect  to  the  observations  and  the  atomic  collision  data.  The  idea 
for  discussing  this  subject  came  from  several  extremely  interesting  recent  papers  of 
Kastner  and  Bhatia  (15,i6)>  in  which  they  examine  old  assumptions  regarding 
excitation  mechanisms  for  line  emission  using  better  atomic  data  and  improved 
observational  facilities. 

For  the  sake  of  simplicity,  this  discussion  will  focus  on  planetary  nebulae.  A 
typical  planetary  nebula  consists  of  gas  which  has  been  ionized  by  an  embedded 
central  star  with  an  effective  temperature  in  the  range  of  35,000- 100,000K. 
Heating  of  the  surrounding  gas  occurs  through  photoionization  by  ultraviolet 
photons  coming  from  the  central  star,  and  is  mediated  by  collisions  between 
electrons  and  between  electrons  and  ions. 

Optical  and  uv  emission  lines  of  C,  N,  O,  Si,  Fe,  and  other  metals,  in  various 
stages  of  ionization  are  used  to  deduce  the  abundances  of  these  species. 
Abundances  relate  directly  to  the  degree  of  stellar  processing  of  the  material,  and 
therefore  the  history  of  the  object.  Some  of  these  emission  lines  are  used  as 
important  diagnostics  of  electron  density  and  temperature  in  these  regions.  If  there 
are  lines  which  arise  due  to  charge  transfer,  they  can  provide  a  measure  of  the 
neutral  component  in  the  ionized  plasma. 

The  subject  of  emission  line  ratios  as  diagnostics  of  electron  density  and  electron 

temperature  has  been  treated  in  some  detail  by  Osterbrock  (17)  and  others  (18),  and 
will  not  be  discussed  here.  However,  once  the  temperature  and  density  in  a  nebula 
are  known,  abundances  of  various  ions  can  be  deduced  from  the  observed  line 
strengths  if  the  mechanism  exciting  the  line  is  known. 

There  are  a  number  of  atomic  collision  processes  which  create  excited  ions, 

(A*^)*,  that  then  radiate: 

Electron  impact  excitation: 

A*"^  +  €  -^  (A*'*’)'*'  +  e 

Radiative  recombination: 

+  e^  (A'^)*  +  hv 

Dielectronic  recombination 


AO+ih  +  g  ^  (A '■+)**  ^  (A‘-^)*  +  hv 

Charge  transfer: 

(A*-^)*  +  . 

There  are  some  simple  rules  linking  the  kinds  of  emission  lines  observed  with  the 
processes  operative  in  exciting  them.  Thermal  electrons,  with  r~5xlO^-2xlO'^K, 
colliding  with  ions  excite  low-lying  energy  levels  of  the  ions,  giving  rise  to 
prominent  forbidden-line  spectra.  Electron  densities,  in  the  range  of  10^- 10"*  cm'^. 


K.R  Kirby  445 


are  too  low  for  collisional  de-excitation  to  be  important.  Radiative  recombination, 
the  reverse  process  of  photoionization,  and  dielectronic  recombination,  the  reverse 
process  of  autoionization,  populate  many  highly  excited  levels  of  the  recombined 
ion  that  decay  by  radiative  cascade  to  the  ground  state.  The  resulting  spectra 
generally  consist  of  many  weak,  allowed  transitions.  In  dielectronic 
recombination,  capture  proceeds  through  a  doubly -excited  resonance  state  of  the 
recombined  ion,  which  stabilizes  through  the  emission  of  a  photon,  leaving  a 
Rydberg  state  of  the  recombined  ion.  Because  it  is  a  resonance  process,  the  cross 
sections  for  dielectronic  recombination  are  generally  larger  than  for  radiative 
recombination,  but  it  is  often  most  efficient  to  combine  the  cross  sections  to 
produce  an  effective  recombination  rate  coefficient  (19). 

If  there  is  a  substantial  component  of  neutral  gas  present,  charge  transfer  can  be 
important  and  an  excited  state  of  the  recombined  ion  may  be  created.  Usually  only 
one  or  two  characteristic  lines  result  from  the  charge  transfer  process  at  low 
temperatures.  Radiationless  processes  such  as  charge  transfer  are  usually  much 
faster  than  radiative  processes  in  which  photons  are  produced,  by  four  to  five 
orders  of  magnitude  (20).  If  one  writes  the  ratio  of  probabilities  for  neutralization 

by  charge  transfer  versus  recombination  as  /:(iON(H)/(a(7)Ne),  with  /:~10'-  cm^  s' 
^  and  a~10'^^  cm^  s'^  (Ne  is  electron  density,  N(H)  is  hydrogen  atom  density),  it 
is  clear  that  for  N(H)/Ne>10''^,  charge  transfer  can  become  the  dominant 
recombination  mechanism  (21). 

Clearly  there  are  a  number  of  different  lines  to  be  used  in  making  abundance 
determinations.  Until  recently,  however,  only  the  collisionally  excited  forbidden 
lines  were  used  for  elements  other  than  He  and  H.  In  an  interesting  paper 
appearing  this  year  by  Liu,  Storey,  Barlow  and  Clegg  (22),  which  focuses  on  the 
rich  on  recombination  spectrum  in  NGC  7009,  the  abundances  of  C,  N  and  O  are 
derived  based  on  recombination  line  measurements. 

Liu  et  al.  (22)  identified  over  seventy  emission  lines  from  -3800  to  4700  A 
resulting  from  the  recombination  of  Oni: 

02+  +  ^  0+  (nO  +  . 

The  emission  lines  of  0“^  {nl)  are  what  is  observed.  They  carried  out  new  quantal 
calculations  of  the  O'^  radiative  recombination  coefficients,  by  transforming 
coefficients  calculated  in  L-S  coupling  to  an  intermediate  coupling  case.  They 
show  that  the  departure  from  L-S  coupling  is  very  important  in  obtaining  consistent 

abundances  of  from  different  emission  lines. 

The  most  important  point  made  by  Liu  et  al  (22)  is  that  abundances  obtained  for 
C,  N  and  O  based  on  recombination  lines  are  all  greater  by  approximately  a  factor 
of  5  than  abundances  obtained  using  the  collisionally  excited  forbidden  lines.  This 
confirms  previous  findings  (23)  for  C^'^.  Instead  of  blaming  the  atomic  data  for  the 
discrepancies  in  the  abundances  deduced  from  recombination  as  opposed  to 
collisionally-excited  lines,  the  authors  explore  whether  the  same  physical  process 
may  be  responsible  in  all  three  cases.  The  factor  of  5  consistency  for  all  three 
elements  appears  to  rule  out  an  error  in  the  atomic  data.  Temperature  fluctuations 
are  suggested  as  a  source  of  the  problem,  as  forbidden-line  excitation  is  very 
sensitive  to  temperature.  In  addition,  shocks  are  suggested  as  possibly  enhancing 
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the  fluxes  in  certain  forbidden  lines  which  lead  one  to  derive  higher  temperatures 
and  therefore  lower  abundances  of  ions  than  are  correct. 

Over  the  last  decade,  there  has  been  tremendous  progress  in  the  quantity  and 
quality  of  the  atomic  data  available.  The  theoretical  work  on  the  part  of  a  number  of 
people  involved  in  the  Opacity  Project  should  particularly  be  noted  here.  There  h^ 
been  extraordinary  experimental  activity  in  the  field  of  radiative  and  dielectronic 
recombination. 

It  is  only  within  the  last  four  years  that  there  have  been  the  first  experimental 
measurements  of  radiative  recombination — constituting  the  first  direct  test  of  the 
theory  for  this  process.  Examples  of  work  in  this  area  come  from  the  group  at 
Aarhus  (Anderson  et  al.)  (24)  on  fully  stripped  carbon: 

+  e  ->  (n)  +  hv 

and  from  the  group  at  Stockholm  (Schuch  et  al.)  (25)  on  recombination  of 
deuterons  with  electrons: 


+  e  ->  D  (n)  +  /zD  . 

There  have  been  substantial  technological  advances  which  have  led  to  new 
experimental  apparatus  with  which  to  measure  recombination.  Examples  include 
the  EBIT  (Livermore),  EBIS  (Kansas  State)  and  the  heavy-ion  storage  rings  at 
Aarhus,  Darmstadt,  Heidelberg  and  Stockholm.  There  has  been  extremely 
productive  interplay  between  theorists  and  experimenters  in  exploring  the 
dielectronic  recombination  process,  e.g.  Pindzola,  Badnell  and  Griffin  (1990)  (26). 

There  is  recognition  by  both  theorists  and  experimenters  of  the  significance  of 
external  electric  fields  in  the  recombination  process  and  efforts  are  underway  to 
measure  such  effects  accurately,  as  demonstrated  in  a  poster  paper  by  Savin  et  al. 
(27)  at  this  conference.  The  effects  of  both  fields  and  collisional  mixing  may  be 
important  to  our  understanding  of  the  recombination  process  in  astrophysical 
plasmas. 

Much  of  the  current  work  in  the  field  of  recombination  is  well  summarized  in  a 
proceedings  of  a  NATO  Workshop  held  in  1991  (28). 

Astronomers  have  been  making  considerable  progress  on  the  observations  of 
emission  lines  also.  In  the  ultraviolet,  the  Goddard  High  Resolution  Spectrograph 
(GHRS)  aboard  the  Hubble  Space  Telescope  is  making  a  tremendous  impact. 
Figure  2,  taken  from  an  article  by  Leckrone  et  al.  (29),  compares  the  resolution 
obtained  with  lUE  (launched  in  1978)  with  the  resolution  obtained  by  GHRS  over 

a  two  angstrom  region  around  1938  A.  The  spectrum  of  the  star  ;^f-Lupi  clearly 
exhibits  lines  from  many  heavy  element  ions,  features  heretofore  unseen.  Leckrone 
et  al.  (29)  issue  a  challenge  to  atomic  physicists:  “We  face  the  bleak  prospect  of 
attempting  to  analyze  spectra  of  1%  precision,  obtained  at  great  expense,  with 
atomic  parameters  that  can  be  inaccurate  by  factors  of  2  or  10  if  they  exist  at  all. 
The  GHRS  will  be  relentless  in  highlighting  this  problem.”  The  authors  (29) 
further  conclude  that  now  and  in  the  future  atomic  physicists  are  and  will  be  playing 
an  absolutely  essential  role  in  the  analysis  and  interpretation  of  the  astrophysical 
spectroscopic  data. 
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FIGURE  2.  Comparison  of  high  dispersion  spectra  of  ;i;-Lupi  obtained  with  the 
International  Ultraviolet  Explorer  (lUE)  satellite  (top)  and  with  GHRS  (bottom).  Courtesy  of 
D.  Leckrone  (see  Ref.  29). 


Significant  advances  in  the  astronomical  observations  and  in  the  atomic  data 
ultimately  challenge  the  underlying  astrophysical  assumptions  upon  which  models 
are  based  and  lead  to  new  understanding. 
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Quantum  Computation 

Artur  Ekert 

Clarendon  Laboratory,  University  of  Oxford 
Oxford  0X1  3PU,  U.K. 


Abstract:  As  computers  become  faster  they  must  become  smaller  be¬ 
cause  of  the  finiteness  of  the  speed  of  light.  The  history  of  computer 
technology  has  involved  a  sequence  of  changes  from  one  type  of  physical 
realisation  to  another  -  from  gears  to  relays  to  valves  to  transistors  to 
integrated  circuits  and  so  on.  Quantum  mechanics  is  already  important 
in  the  design  of  microelectronic  components.  Soon  it  will  be  necessary 
to  harness  quantum  mechanics  rather  than  simply  take  it  into  account, 
and  at  that  point  it  will  be  possible  to  give  data  processing  devices  new 
functionality. 


COMPUTATION  IS  A  PHYSICAL  PROCESS! 

Computers  are  physical  objects,  and  computations  are  physical  processes. 
This  sentence,  innocuous  at  first  glance,  leads  to  non-trivial  consequences, 
some  of  which  we  wish  to  explore  in  this  paper.  In  particular  we  want  to  con¬ 
vince  the  reader  that  the  theory  of  computation  is  not  a  branch  of  pure  math¬ 
ematics.  Fundamental  questions  regarding  computability  and  computational 
complexity  are  questions  about  physical  processes  that  reveal  to  us  proper¬ 
ties  of  abstract  entities  such  as  numbers  or  ideas.  Those  questions  belong  to 
physics  rather  than  mathematics  [1,  2]. 

For  the  purpose  of  this  presentation  we  define  a  computation  as  a  phys¬ 
ical  process  that  produces  final  states,  outputs,  that  depend  in  some  desired 
way  on  given  initial  states,  inputs.  Quantum  computers  are  defined  as  physi¬ 
cal  devices  whose  unitary  dynamics  can  be  regarded  as  the  performance  of  a 
computation.  Unlike  classical  computers,  quantum  computers  can  operate  on 
quantum  superpositions  of  different  numbers. 

In  recent  years  a  new  quantum  theory  of  computation  has  been  developed 
[3-8].  It  is  in  many  ways  different  from  the  classical,  purely  mathematical 
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theory  of  computation.  A  single  quantum  computer  can  follow  many  distinct 
computation  paths  all  at  the  same  time  and  produce  a  final  output  depending 
on  the  interference  of  all  of  them.  In  particular,  it  has  been  shown  recently 
that  quantum  computers  can  efficiently  perform  classes  of  computation,  e.g. 
factorisation,  which  are  believed  to  be  intractable  on  any  classical  computer  [9]. 
This  makes  it  highly  desirable  to  construct  such  devices.  This  paper  is  aimed 
at  physicists  rather  than  computer  scientists.  We  hope  that  it  will  stimulate 
physicists,  especially  those  working  in  the  fields  of  quantum  optics,  atomic 
physics,  and  condensed  matter  physics,  to  search  for  physical  processes  that 
will  eventually  make  quantum  computation  practical. 


SLOW  AND  FAST  ALGORITHMS 

Before  we  go  on  and  show  that  quantum  computers  are  more  powerful  than 
their  classical  counterparts  we  have  to  pause  and  explain  what  powerful  really 
means.  In  order  to  solve  a  particular  problem  computers  follow  a  precise  set  of 
instructions  that  can  be  mechanically  applied  to  yield  the  solution  to  any  given 
instance  of  the  problem.  A  specification  of  this  set  of  instruction  is  called  an 
algorithm.  Examples  of  algorithms  are  the  procedures  taught  in  elementary 
schools  for  adding  and  multiplying  whole  numbers;  when  these  procedures 
are  mechanically  applied,  they  always  yield  the  correct  result  for  any  pair  of 
whole  numbers.  Some  algorithms  are  fast  (e.g.  multiplication)  other  are  very 
slow  (e.g.  factorisation,  playing  chess).  Consider,  for  example,  the  following 
factorisation  problem 

□  X  □  =  29083.  (1) 

How  long  would  it  take  you,  using  paper  and  pencil,  to  find  the  two  whole 
numbers  which  should  be  written  into  the  two  boxes  (the  solution  is  unique). 
Probably  about  one  hour.  Solving  the  reverse  problem 

127  X  229  =  □,  (2) 

again  using  paper  and  pencil  technique,  takes  less  than  a  minute.  All  because 
we  know  fast  algorithms  for  multiplication  but  we  do  not  know  equally  fast 
algorithms  for  factorisation.  ^  It  does  not  mean  that  the  fast  classical  algorithm 
for  factorisation  does  not  exists,  maybe  it  does  and  maybe  it  will  be  discovered 
one  day,  at  the  moment  we  simply  do  not  know  it. 

^Currently,  the  best  classical  factoring  algorithms  are:  the  Multiple  Polynomial  Quadratic 
Sieve  [10],  for  numbers  less  than  120  decimal  digit  long,  and  the  Number  Field  Sieve  [11], 
particularly  good  for  numbers  more  than  110  decimal  digits  long.  Still,  even  the  fastest 
algorithms  would  need  a  couple  of  billions  years  to  factorise  a  200-digit  number. 
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Skipping  details  of  the  computational  complexity  we  only  mention  that 
computer  scientists  have  a  rigorous  way  of  defining  what  makes  an  algorithm 
fast  (and  usable)  or  slow  (and  unusable)  [12,  13].  For  an  algorithm  to  be 
fast,  the  time  it  takes  to  execute  the  algorithm  must  increase  no  faster  than  a 
polynomial  function  of  the  size  of  the  input.  Informally  think  about  the  input 
size  as  the  total  number  of  bits  needed  to  specify  the  input  to  the  problem,  for 
example,  the  number  of  bits  needed  to  encode  the  number  we  want  to  factorise. 
If  the  best  algorithm  we  know  for  a  particular  problem  has  the  execution  time 
(viewed  as  a  fuction  of  the  size  of  the  input)  bounded  by  a  polynomial  then  we 
say  that  the  problem  belongs  to  class  P.  Problems  outside  class  P  are  known  as 
hard  problems.  Thus  we  say,  for  example,  that  multiplication  is  in  P  whereas 
factorisation  is  not  in  P  and  that  is  why  it  is  a  hard  problem. 

NUMBERS 

Traditionally  we  view  computation  as  operations  on  numbers.  However,  a 
number,  although  an  abstract  entity,  is  represented  in  practice  by  a  state  of 
a  physical  object.  If  a  physical  object  can  be  put  into  two  different,  distin¬ 
guishable  states  then  this  object  can  represent  two  different  numbers.  We  call 
any  two  state  system  a  physical  bit;  when  the  system  is  quantum  and  the  two 
states  are  two  orthogonal  quantum  states  we  refer  to  it  as  a  quantum  bit  or 
simply  a  qubit.  Both  a  single  classical  bit  and  a  qubit  can  represent  at  most 
two  different  numbers,  however,  qubits  are  different  because  apart  from  the 
two  orthogonal  basis  states,  which  we  label  as  |0)  and  1 1),  they  can  also  be 
put  into  infinitely  many  other  states  of  the  form  |^}  =  co|0)-fci  |1). 

Consider  now  a  register  composed  of  m  physical  bits.  There  are  2^  different 
states  of  this  register  therefore  the  register  can  represent  2^  different  numbers, 
e.g.  from  0  to  2"^  ~  1.  A  quantum  register  of  size  m  is  described  by  a  vector 
in  the  2”^ -dimensional  Hilbert  space.  For  example  for  m  =  3  the  most  general 
state  of  the  register  can  be  written  as 

I'k)  =  cooo|0)|0)|0}  +  cooi|0)|0)|l} 

+  coio|0)|l)|0)  +  coii|0)|l)|l) 

+  cioo  1 1)  1 0)  1 0) -f  Cioi  1 1)  1 0)  1 1) 

+  Cioi  1 1)  |0)  1 1) -f  Cm  1 1)  1 1)  1 1) ,  (3) 

or, 

l^)=  E  W 

xG{0,iP 

where  {0, 1}^  stands  for  all  strings  of  zeros  and  ones  of  length  3  and  the  bar 
in  X  indicates  that  the  number  x  is  encoded  using  binary  notation.  From  time 
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to  time  we  will  find  convenient  to  relabel  the  states  and,  instead  of  the  binary 
notation  x,  to  use  the  decimal  notation  x, 


|^>  =  co|0) +  ci  |1)  +  ...  +  C7|7)  =  ^  Cj,]®).  (5) 

x~0 

In  order  to  prepare  a  specific  number  in  the  register  we  have  to  perform 
m  elementary  operations  -  we  set  each  of  the  m  physical  bits  into  one  of  the 
two  states.  Quantum  registers  accept  more  general  states  which  represent  not 
only  numbers  but  also  coherent  superpositions  of  several  numbers.  Indeed, 
m  elementary  unitary  transformations  performed  bit  by  bit  can  prepare  the 
register  in  a  coherent  superposition  of  all  2”^  numbers  that  can  be  stored  in 
the  register.  Take  the  register  initially  in  1 0}  |  0) . . .  1 0)  state  and  apply  the 
unitary  operation 


to  each  qubit.  This  operation,  introduced  by  Deutsch  and  Jozsa  [4],  is  very 
useful  in  quantum  computation  so  for  our  later  convenience  we  will  denote  it 
by  A.  The  resulting  state  of  the  register  is  an  equally  weighted  superposition 
of  all  2”^  numbers, 

1  1  2--1 

|$>  =  i|o)  =  r|o)T|o)...r|o>  =  ^  ■£  \x)  =  j:  \x).  (7) 

It  is  quite  remarkable  that  in  quantum  registers  m  elementary  operations 
can  generate  a  state  containing  all  2"”  possible  numerical  values  of  the  regis¬ 
ter.  In  contrast,  in  classical  registers  m  elementary  operations  can  only  prepare 
one  state  of  the  register  representing  one  specific  number.  This  property  of 
quantum  registers  can  be  used  for  a  quantum  parallel  processing.  If,  after 
preparing  the  register  in  a  coherent  superposition  of  several  numbers,  all  sub¬ 
sequent  computational  operations  are  unitary  (i.e.  preserve  the  superpositions 
of  states)  then  with  each  computational  step  the  computation  is  performed  on 
all  the  numbers  in  the  superpositions.  This  type  of  computation  is  particu¬ 
larly  useful  for  problems  which,  in  classical  case,  involve  performing  the  same 
computation  several  times  for  different  input  data  e.g.  to  calculate  a  period  of 
a  given  function  f{x). 

ALGORITHMS  AND  PHYSICS 

Although  algorithms  are  abstract  specifications  of  instructions  they  depend 
on  the  physics  of  computation.  Algorithms  tell  you  -  do  this,  do  that,  then  do 
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something  else;  what  can  be  done  to  a  number  depends  on  the  physical  rep¬ 
resentation  of  the  number.  Classical  algorithms  cannot  tell  you,  for  example, 
“...and  now  prepare  a  coherent  superposition  of  several  numbers”,  but  quan¬ 
tum  algoritms  can!  Consequently  we  know  a  very  fast  method  for  factorisation, 
not  with  paper  and  pencil  though  but  with  quantum  devices. 

We  already  mentioned  that  the  reason  why  quantum  computers  are  faster  is 
due  to  their  ability  to  process  quantum  superpositions  of  many  numbers  in  one 
computational  step;  each  computational  step  being  a  unitary  transformation  of 
quantum  registers.  If  quantum  computers  could  speed  up  some  computations, 
say,  twice,  or  even  several  thousands  times,  they  would  be  of  some  interest  from 
the  technological  point  of  view  but  of  no  interest  to  the  theory  of  computational 
complexity.  However,  quantum  computers  are  of  great  interest  to  computer 
scientists  because  the  speed-up  is  exponential.  Some  problems  which  are  hard 
with  respect  to  classical  computation  can  end  up  in  class  P  with  respect  to 
quantum  computation.  As  an  example  let  us  describe  the  Fourier-Hadamard 
sampling  problem  [5]. 

Consider  a  string  of  2”"  real  numbers  a^;,  a;  =  0, 1, ...  2""  —  1.  We  define  its 
Fourier-Hadamard  transform  as  a  string  by  such  that 

=  (8) 

where  x  and  y  are  vectors  formed  out  of  the  m-bit  binary  representation  of  x 
and  y  respectively,  for  example,  for  a:  =  2  we  have  x  =  [0, 0, . . . ,  1, 0].  We  define 
the  Fourier-Hadamard  sampling  problem  by  providing  as  input  an  arbitrary 
string  and  requiring  as  output  any  y  with  probability  proportional  to 

Classical  computers,  in  order  to  sample  with  the  probability  proportional 
to  the  Fourier-Hadamard  power  spectrum,  need  exponential  time  as  a  function 
of  the  length  of  the  string  m.  Quantum  computers  can  solve  the  problem  in 
time  proportional  to  m. 

The  quantum  algorithm  is  quite  simple.  The  string  (properly  renor¬ 
malised)  is  encoded  in  the  initial  state  of  a  quantum  register  of  size  m, 

|^)=  E  (9) 

We  tacitly  assumed  that  this  state  preparation  can  be  performed  efficiently. 
Then  we  apply  A  to  the  register  i.e.  apply  the  unitary  transformation  T  to 
each  of  the  m  qubits  in  the  register.  The  result  of  the  transformation  when 
applied  to  a  number  |  x)  is 

m  times 

A\x)=T®T®T...®f\x)  =  ^  Y,  (10) 
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thus  the  state  |  ^)  is  transformed  to  a  new  state  |  given  by 

|^>=  E  E  (-ifO|j/)=  E  (11) 

y€{0,l}"*  \  xeto,!}”*  /  y€{o,i}"» 

The  measurement  of  the  state  of  the  register  will  yield  a  number  y  with 
probability  |6y|^,  which  solves  the  sampling  problem. 

The  algorithm,  proposed  by  Bernstein  and  Vazirani  [5],  makes  use  of  quan¬ 
tum  superpositions  and  non-deterministic  outcomes  of  quantum  measurements. 
The  unitary  transformation  of  the  register  of  size  m,  which  represents  the  com¬ 
putation  performed  on  2"^  numbers,  was  decomposed  into  a  sequence  of  ele¬ 
mentary  unitary  operations;  the  length  of  this  sequence  is  proportional  to  m 
rather  than  to  2^  which  results  in  the  exponential  speed  up  of  the  computation. 


COMPUTING  FUNCTIONS 

Let  us  describe  now  how  quantum  computers  compute  functions.  For  this 
we  will  need  two  quantum  registers  of  length  m  and  n.  Consider  a  function 

/:  >{0,1,...2"-1},  (12) 


where  m  and  n  are  natural  numbers. 

A  classical  computer  computes  /  by  evolving  each  labelled  input,  0, 1, ...  2^~ 
1  into  a  respective  labelled  output,  /(O),  /(I), ...  /(2”^  —  1).  Quantum  comput¬ 
ers,  due  to  the  unitary  (and  therefore  reversible)  nature  of  their  evolution, 
compute  functions  in  a  slightly  different  way.  In  order  to  compute  functions 
which  are  not  one-to-one  and  to  preserve  the  reversibility  of  computation, 
quantum  computers  have  to  keep  the  record  of  the  input.  Here  is  how  it  is 
done. 

We  will  use  the  two  quantum  registers;  the  first  register  to  store  the  input 
data,  the  second  one  for  the  output  data.  Each  possible  input  x  is  represented 
by  I  x)  -  the  quantum  state  of  the  first  register.  Analogously,  each  possible  out¬ 
put  y  —  f{x)  is  represented  by  |  y)  -  the  quantum  state  of  the  second  register. 
Vectors  |  x)  belong  to  the  2’^-dimensional  Hilbert  space  and  vectors  |  y)  be¬ 
long  to  the  2” -dimensional  Hilbert  space  H2.  States  corresponding  to  different 
inputs  and  different  outputs  are  orthogonal,  (x|x')  =  (^3,^/,  {y\y')  =  Syyi.  The 
function  evaluation  is  then  determined  by  the  evolution  of  the  two  registers, 

k)|0)^|x)|/(x)).  (13) 

We  can  always  prepare  specific  x  in  the  first  register  and  read  the  value 
f{x)  from  the  second  register.  It  was  shown  that  as  far  as  the  computational 
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complexity  is  concerned  a  reversible  function  evalution,  i.e.  the  one  that  keeps 
track  of  the  input,  is  as  good  as  a  regular,  irreversible  evalution  [14].  This 
means  that  if  a  given  function  can  be  computed  in  polynomial  time  it  can  also 
be  computed  in  polynomial  time  using  a  reversible  computation.  The  compu¬ 
tation  we  are  considering  here  is  not  only  reversible  but  also  quantum  and  we 
can  do  much  more  than  computing  values  of  f{x)  one  by  one.  We  can  prepare 
a  superposition  of  all  input  values  as  a  single  state  and  by  running  the  compu¬ 
tation  Uj  only  once^  we  can  compute  all  of  the  2”^  values  /(O), . . . ,  /(2”'  ~ 


2m/2 


2m  _i 


E  l®> 


x=0 


1 0>  1 0}  I  /(O))  +  1 1)  I  /(I))  +  . . .  +  1 2“  -  1)  I  /(2’"  -  1)) . 

(14) 

It  looks  too  good  to  be  true  so  where  is  the  catch?  How  much  information 
about  /  does  the  state 

I  /)  =  1 0>  I  /(O))  +  1 1 }  I  /(I))  +  •  •  •  +  1 2™  -  1)  I  /(2”‘  -  1)}  (15) 


contain? 

Unfortunately  no  quantum  measurement  can  extract  all  of  the  2^  values 
/(0),/(l), . . .  ,/(2"^  —  1)  from  [/).  However,  there  are  measurements  that 
provide  us  with  information  about  joint  properties  of  all  the  output  values 
f{x)  such  as,  for  example,  periodicity.  We  will  see  in  the  next  section,  how  a 
periodicity  estimation  can  lead  to  fast  factorisation. 

QUANTUM  FACTORISATION 

The  most  spectacular  result,  due  to  Peter  W.  Shor  from  AT&T  Bell  Lab, 
employs  quantum  computation  to  perform  an  efficient  factorisation  of  big  com¬ 
posite  numbers  [9].  It  is  the  problem  on  which  security  of  many  classical  public 
key  cryptosystems  is  based.  ^ 

We  are  going  to  outline  briefly  how  quantum  factorisation  works.  For 
details  see  [9]  and  [16]. 

Suppose  you  were  given  a  number  N  and  asked  to  factorise  it  into  prime 
factors.  In  other  words  you  are  asked  to  find  whole  numbers  {p}  such  that 
any  p  divides  N  with  the  reminder  0.  Divisibility  by  p  is  a  periodic  property 
-  every  pth  number  is  divided  by  p.  It  should  not  then  come  as  a  big  surprise 
that  the  factorisation  problem  is  related  to  finding  periods  of  certain  functions. 

^RSA  -  the  most  popular  public  key  cryptosystem  named  after  the  three  inventors,  Ron 
Rivest,  Adi  Shamir,  and  Leonard  Adleman  [15]  -  gets  its  security  from  the  difficulty  of 
factoring  large  numbers. 
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In  particular  one  can  show  that  finding  factors  of  N  is  equivalent  to  finding  a 
period  of  //v(2:),  where 

fN{x)  -  a®  mod  N.  (16) 

The  result  of  this  operation  is  the  remainder  from  the  division  of  by  A; 
a  could  be  any  randomly  chosen  number.  The  function  is  periodic  and  the 
period  r,  which  depends  on  a  and  N,  is  called  the  order  of  x  modulo  N.  For 
example,  the  increasing  powers  of  2  modulo  7  go  like  1,2,4, 1, 2,4, 1, and  so 
on  -  the  order  of  2  modulo  7  is  3  (for  more  information  see,  for  example,  [17]). 

Quantum  computers  can  compute  /^{x)  and  find  its  period  much  faster 
than  any  classical  computer.  Let  us  sketch  briefly  the  main  steps  of  the  quan¬ 
tum  algorithm  which  for  a  randomly  chosen  a  finds  the  smallest  r  such  that 

f^ix  4-  r)  =  fj^{x). 

As  before,  our  machine  has  two  quantum  registers. 

•  The  input  register  is  prepared  in  the  equally  weighted  superposition  of 
all  numbers  from  0  to  M  -  1  where  M  =  2”"  is  bigger  than  N  {M  is  of 
the  order  of  A^).  Then  a  random  a  is  chosen  and  the  function  fNix)  is 
computed.  The  state  of  the  two  registers  is 

1  M-l 

~r^  S  1^)  I/a^(^)>  •  (17) 

•  The  measurement  is  performed  on  the  second  register  yielding  a  value 
|//v(^))  for  some  k.  This  k,  however,  is  not  known  because  inverting 
\fN{k))  and  finding  ^  is  a  hard  problem.  What  we  know  is  that  due  to 
the  periodicity  of  /^{x)  the  state  of  the  first  register  is  reduced  to  the 
respective  relative  state  labelled  by  k.  It  can  be  written  as, 


where  the  coefficients  cj,  for  a  fixed  k  are  given  by 

~  ^x,lr+k’)  (19) 

/ 

with  I  =  0, 1,2... M/r  (see  Fig.  1). 

•  We  sample  from  the  first  register  with  probability  |cjp,  where  cj  is  the 
Fourier  transform  of  cj  (see  Fig.  1).  This  operation  is  a  slight  modifica¬ 
tion  of  the  Fourier-Hadamard  sampling  problem  described  earlier. 
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Figure  1:  Function  cj  and  its  Fourier  transform  cj. 


The  rest  of  the  algorithm  is  purely  classical.  The  result  of  the  sampling 
is,  with  a  high  probability,  a  number  of  the  form  jMjr^  where  j  =  1,2, . ... 
Knowing  M  and  this  number  we  can  recover  the  period  r  using  some  mathe¬ 
matical  tools  (continued-fraction  expansion).  From  r  we  obtain  factors  of  N 
completing  the  computation  in  not  more  than  (log2  elementary  steps!  The 
computation  is  probabilistic;  it  may  fail  to  provide  the  answer  from  time  to 
time.  Still,  it  is  enough  to  run  quantum  computer  several  times  to  get  the 
proper  answer  and  it  is  still  exponentially  faster  than  any  classical  factorisa¬ 
tion. 


LOGIC  GATES  FOR  QUANTUM  CIRCUITS 

An  open  question  has  been  whether  it  would  ever  be  practical  to  build 
physical  devices  to  perform  such  computations,  or  whether  they  would  for¬ 
ever  remain  theoretical  curiosities.  Quantum  computers  require  a  coherent, 
controlled  evolution  for  a  period  of  time  which  is  necessary  to  complete  the 
computation.  Many  view  this  requirement  as  an  insurmountable  experimental 
problem.  We  believe  that  progress  in  the  techniques  of  nano-construction  and 
in  manipulation  of  atomic  systems  by  electromagnetic  fields  will  sooner  or  later 
make  such  devices  feasible.  Let  us  then  describe  a  possible  route  to  practical 
quantum  computation. 

Like  classical  computers,  quantum  computers  can  be  built  out  of  logic  cir¬ 
cuits.  In  1989  Deutsch  described  quantum  circuits  composed  of  elementary 
logic  gates  connected  together  by  wires  and  showed  that  there  exists  a  uni¬ 
versal  quantum  gate  from  which  any  quantum  computation  can  be  built  [18]. 
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Later  Yao  proved  that  such  circuits  behave  properly  as  far  as  the  computational 
complexity  is  concerned  [7].  Quantum  logic  gates  perform  unitary  operations 
on  qubits  and  in  order  to  implement  them  it  is  sufficient,  from  the  experi¬ 
mental  point  of  view,  to  induce  a  conditional  dynamics  of  physical  bits,  i.e.  to 
perform  a  unitary  transformation  on  one  physical  subsystem  conditioned  upon 
the  quantum  state  of  another  subsystem, 

U=\O){O\®Uo-^\l){l\^Ui  +  .,.  +  \k){k\0Uk,  (20) 

where  the  projectors  refer  to  quantum  states  of  the  control  subsystem  and  the 
unitary  operations  Ui  are  performed  on  the  target  subsystem.  The  simplest 
non-trivial  operation  of  this  sort  is  the  quantum  controlled- NOT. 

The  classical  controlled-NOT  gate  is  a  reversible  logic  gate  operating  on 
two  bits  ei  and  €2;  ci  is  called  the  controll  bit  and  €2  the  target  bit.  The  value 
of  €2  is  negated  if  ei  =  1,  otherwise  €2  is  left  unchanged  (in  both  cases  the 
controll  bit  €i  remains  unchanged).  The  quantum  controlled-NOT  gate  C12 
is  the  unitary  operation  on  two  qubits  i.e,  states  in  which  in  a  chosen 
orthonormal  basis  {|  0) ,  1 1)}  reproduces  the  controlled-NOT  operation: 

I  ^i)  U2)  I  Cl)  I  Cl  ©  €2) ,  (21) 

where  ©  denotes  addition  modulo  2.  Here  and  in  the  following  the  first  sub¬ 
script  of  Cij  always  refers  to  the  control  bit  and  the  second  to  the  target  bit. 
Thus,  for  example,  €21  denotes  the  unitary  operation  defined  by 

I  Cl)  I C2)  — ^  I  Cl  ©  C2}  I C2) .  (22) 

Let  us  specify  some  interesting  properties  of  the  quantum  controlled-NOT 
gate. 

o  The  quantum  controlled-NOT  gate  transforms  superpositions  into  en¬ 
tanglements, 

C12:  («|0)  +  6|1))|0)  ^a|0)|0)  +  6|l)|l).  (23) 

Thus  it  acts  as  “the  measurement  gate”  because  if  the  target  bit  62  is 
initially  in  state  1 0)  then  this  bit  is  in  effect  an  apparatus  that  performs 
a  perfectly  accurate  non-perturbing  (quantum  non  demolition  type  [19]) 
measurement  of  Ci. 

•  This  transformation  of  superpositions  into  entanglements  can  be  reversed 
by  applying  the  same  controlled-NOT  operation  again.  Hence  it  can 
be  used  to  implement  the  Bell  measurement  [20]  on  the  two  bits  by 
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disentangling  the  Bell  states.  For  the  four  Bell  states  we  get  four  product 
states 

C.,^(|0)|0>±|1>|1))  =  ^(|0}±|1))|0>,  (24) 

Ci2^(|0}|l)±|l)|0))  =  i(|0>±|l))|l).  (25) 

Thus  the  Bell  measurement  on  the  two  qubits  is  reduced  to  the  simple 
sequence  of  two  independent  two  dimensional  measurements:  in  the  basis 
1 0),  1 1)  for  the  control  qubit  and  in  the  basis  :;^(1 0)  ±  1 1))  for  the  target 
qubit.  The  realisation  of  the  Bell  measurement  is  the  main  obstacle  in 
the  practical  implementation  of  quantum  teleportation  [21]  and  the  dense 
quantum  coding  [22]. 

•  Quantum  state  swapping  can  be  achieved  by  cascading  three  quantum 
controlled-NOT  gates: 

Cl2C2lC,2|^)|$)  =  |$)|'P),  (26) 

for  arbitrary  states  |^)  and  |^). 

The  quantum  controlled-NOT  gate  is  not  a  universal  gate,  however,  the  uni¬ 
versal  quantum  gate  can  be  constructed  by  a  simple  extension  of  the  controlled- 
NOT  gate  to  the  controlled-cont rolled- NOT  gate  combined  with  simple  unitary 
operations  on  a  single  qubit.  Thus  once  we  are  able  to  induce  a  conditional 
dynamics  in  our  laboratories  we  can  start  thinking  about  putting  gates  to¬ 
gether  into  circuits  and  performing  some  elementary  quantum  computations. 
The  task  now  is  to  identify  physical  processes  that  can  lead  to  a  controllable 
conditional  dynamics. 


BUILDING  QUANTUM  LOGIC  GATES 

In  the  following  we  outline  two  possible  experimental  realisations  of  the 
quantum  controlled-NOT  gate.  The  first  method  is  based  on  the  Ramsey 
atomic  interferometry  [23-25],  the  second  on  the  selective  driving  of  optical 
resonances  of  two  qubits  undergoing  a  dipole-dipole  interaction  [26]. 

In  the  Ramsey  atomic  interferometry  method  the  target  qubit  is  an  atom 
with  selected  two  circular  Rydberg  states  |c2),  where  =  0,1;  the  control 
qubit  |ei)  is  the  quantized  electromagnetic  field  in  a  high  Q  cavity  (7.  The 
field  in  the  cavity  contains  at  most  one  photon  so  it  can  be  viewed  as  a  two 
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state  system  with  the  vacuum  state  |0),  and  the  one-photon  state  1 1)  as  the 
basis.  The  cavity  C  is  sandwiched  between  two  auxiliary  microwave  cavities 
Ri  and  R2  in  which  classical  microwave  fields  produce  7r/2  rotations  of  the 
atomic  Bloch  vector, 

I  ^l)field  I  ^2)atom  ^  I  ^l)field  ;^(l  ^2)  +  (“ |  1  —  e2))atom  5  (27) 

where  the  phase  factor  a  is  different  for  the  two  cavities  i?i  and  R2.  In  the 
central  cavity  C,  a  dispersive  interaction  with  the  quantized  field  introduces 
phase  shifts  which  depend  on  the  state  of  the  atom  |  €2}  and  on  the  number  of 
photons  in  the  cavity  |ei}.  The  interaction  does  not  involve  any  exchange  of 
excitation,  so  the  number  of  photons  in  the  cavity  remains  unchanged. 

I  «l)field  I  «2)atom  “ »  eXp(j(-l)‘-'^  (tj  +  C-i)9)  \  |  ,  (28) 

where  0,  which  is  the  phase  shift  per  photon,  can  be  tuned  to  be  tt  (  0  depends 
on  the  atom-cavity  crossing  time  and  the  atom-field  detuning). 

The  overall  process  can  be  viewed  as  a  sequence:  half-flopping  in  Ri,  phase 
shifts  in  (7,  and  half-flopping  in  Depending  on  the  phase  shifts  the  second 
half-flopping  can  either  put  the  atom  back  into  its  initial  state  or  flop  com¬ 
pletely  into  the  orthogonal  state.  The  whole  interferometer  can  be  adjusted  so 
that  when  the  atom  is  sent  through  the  cavities  Ri,  C,  and  R2  the  two  qubits, 
i.e.  the  field  and  the  atom,  undergo  the  transformation 

I  )field  1^2) 

atom  - ^  NOfield  1^1  ®  ^2}  atom  •  (29) 

The  initial  and  final  states  of  the  field  in  C  can  be  mapped  from  and  to  the 
atomic  states,  respectively,  by  a  resonant  atom-field  interaction  [24,  27,  28]. 
This  process  allows  the  two  qubits  to  be  of  the  same  type  i.e.  two  Rydberg 
atoms  rather  than  a  field  and  an  atom.  The  practical  realisation  can  be  carried 
out  by  a  modification  of  the  Ramsey  atomic  interferometry  experiments  as 
described  in  [24,  25]. 

Our  second  proposal  for  the  practical  implementation  of  the  quantum 
controlled-NOT  gate  relies  on  the  dipole-dipole  interaction  between  two  qubits. 
For  the  purpose  of  this  model  the  qubits  could  be  either  magnetic  dipoles,  e.g. 
nuclear  spins  in  external  magnetic  fields,  or  electric  dipoles,  e.g.  single-electron 
quantum  dots  in  static  electric  fields.  Here  we  describe  the  model  based  on 
interacting  quantum  dots,  however,  the  two  cases  are  isomorphic  from  the 
mathematical  point  of  view  and  therefore  our  description  is  not  very  restric¬ 
tive. 

Two  single-electron  quantum  dots  separated  by  the  distance  R  are  embed¬ 
ded  in  a  semiconductor.  The  ground  state  and  the  first  excited  state  of  each 
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Figure  2:  Charge  density  in  the  quantum  well  along  the  direction  in  which  the  field 
is  applied  (here  x).  A  permanent  dipole  is  induced  when  the  electric  field  is  turned 
on  (B),  whereas  the  dipole  is  zero  without  electric  field  (A). 

dot  are  labelled  as  |0)  and  |1)  respectively.  The  first  quantum  dot  with  the 
resonant  frequency  cji  will  act  as  the  control  qubit  whereas  the  second  one, 
with  the  resonant  frequency  a;2,  as  the  target  qubit.  In  the  presence  of  an 
external  static  electric  field,  which  can  be  turned  on  and  off  adiabatically  in 
order  to  avoid  transitions  between  the  levels,  the  charge  distribution  of  the 
ground  state,  of  each  dot,  is  shifted  in  the  direction  of  the  field  whilst  the 
charge  distribution  of  the  first  excited  state  is  shifted  in  the  opposite  direction 
(the  quantum-confined  Stark  effect),  see  Fig.  2.  In  the  simple  model  in  which 
the  state  of  the  qubit  is  encoded  by  a  single  electron  per  quantum  dot,  we  can 
choose  coordinates  in  which  the  dipole  moments  in  states  |  0)  and  1 1)  are  ±d,-, 
where  i  =  1,2  refers  to  the  control  and  to  the  target  dot  respectively.  A  more 
elaborate  model  would  require  to  take  into  account  the  holes  in  the  valence 
band  of  the  semiconductors.  The  state  of  the  qubit  would  be  determined  by 
excitons  of  different  energies,  and  our  notations  would  become  more  compli¬ 
cated.  For  simplicity  and  clarity,  we  decided  to  explain  the  main  idea  using  a 
slightly  simplified  model. 

The  electric  field  from  the  electron  in  the  first  quantum  dot  may  shift  the 
energy  levels  in  the  second  one  (and  vice  versa),  but  to  a  good  approximation 
it  does  not  cause  transitions.  That  is  because  the  total  Hamiltonian 

H  =  Vi2  (30) 

is  dominated  by  a  dipole-dipole  interaction  term  V12  that  is  diagonal  in  the 
four- dimensional  state  space  spanned  by  eigenstates  {|ei),|e2)}  of  the  free 
Hamiltonian  Hi  +  H2,  where  ei  and  62,  as  before,  range  over  0  and  1.  Specifi¬ 
cally, 

(^1  -f  ^2)  1  ^i)  I  ^2)  =  +  ^2<^2)  1  €1)  I  C2) ,  (31) 
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Figure  3:  (a)  Energy  levels  of  two  quantum  dots  without  and  with  the  coupling 
induced  by  the  presence  of  a  static  electric  field  Eq.  (b)  Resonance  spectrum  of  the 
two  quantum  dots.  The  dotted  line  shows  the  wavelength  for  which  the  two  dots  act 
as  a  controUed-NOT  gate,  with  the  first  dot  being  the  control  qubit  and  the  second 
the  target  qubit. 

and 

V'i2|ei)|€2)  =  (-ir‘+'=to|e,)|e2},  (32) 

where 

_  ^  dlC?2 

AireoR^’ 

As  shown  in  Fig.  3,  it  follows  that  due  to  the  dipole-dipole  interaction  the 
resonant  frequency  for  transitions  between  the  states  |0)  and  |1)  of  one  dot 
depends  on  the  neighbour’s  state.  The  resonant  frequency  for  the  first  dot 
becomes  a;i  according  as  the  second  dot  is  in  state  |0)  or  1 1)  respectively. 
Similarly  the  second  dot’s  resonant  frequency  becomes  (jJ2  ±a>,  depending  on 
the  state  of  the  first  dot.  Thus  a  7r-pulse  at  frequency  a;2  +  w  causes  the 
transition  |  0)  1 1)  in  the  second  dot  only  if  the  first  dot  is  in  1 1)  state. 

Possible  physical  realisation  of  the  model  requires  the  typical  life-time  of 
the  excited  state  1 1)  (?«  10“®  s  in  our  model)  to  be  much  greater  than  the  time- 
scale  of  the  optical  interaction  (the  length  of  the  x-pulse  Ri  10“^°  ns).  For  the 
TT- pulse  to  be  monochromatic  and  selective  enough  we  must  also  require  the 
length  of  the  pulse  to  be  greater  than  the  inverse  of  the  pulse  carrier  frequency 
and  the  inverse  of  the  dipole-dipole  interaction  coupling  constant  (1/cj  ^  10“^^ 
s  in  our  model). 
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FROM  GATES  TO  CIRCUITS 

Putting  quantum  gates  into  quantum  circuits  is  not  easy.  The  two  critical 
parameters  which  determine  the  character  of  the  dynamics  are  the  decoherence 
time  of  the  computer  Td  and  the  typical  time  of  an  elementary  coherent  com¬ 
putational  step  —  the  clock  cycle  For  a  non- trivial  quantum  computation 
we  require  Td  >  Tc,  however,  even  a  coherent  evolution  may  create  errors  e.g. 
the  pulses  which  are  not  properly  tuned  may  not  be  selective  enough  and  may 
affect  different  transitions  and  different  quantum  dots.  Quantum  dots  can  be 
integrated  into  circuits  by  placing  a  number  of  them  together  in  an  array.  The 
two  parameters  Td  and  Tc  can  be,  to  some  extent,  controlled. 


•  The  minimal  clock  cycle  T^  is  of  the  order  of  the  typical  pulse  length  Tp. 
The  pulses  must  be  approximately  monochromatic  and  selective  which 
requires  Tp  >  l/uJ  and  Tp  >  l/a>,  where  uj  is  the  carrier  frequency  of 
the  pulse.  Clearly  higher  carrier  frequencies  allow  shorter  pulses  and 
consequently  the  shorter  clock  cycle. 

•  The  decoherence  time  Td  depends  on  the  interaction  with  the  enviroment. 
Electrons  in  quantum  dots  are  coupled  to  the  quantised  electromagnetic 
vacuum  which  leads  to  the  spontaneous  emission.  Typical  lifetime  of  the 
excited  state  is  of  the  order 


(34) 


where  D  is  the  dipole  moment  between  states  |0)  and  [1),  the  carrier 
frequency  a?  is  tuned  to  the  transition  frequency  between  the  two  states 
(the  off-diagonal  dipole  moment  D  is  different  from  the  diagonal  one 
d).  The  interaction  between  the  neighboring  quantum  dots  will  also 
have  some  off-diagonal  terms,  which  were  not  included  in  Vl2^  and  which 
induce  the  propagation  of  excitons  in  the  array.  This  process  reduces 
the  lifetime  of  the  excited  states  of  the  quantum  dots  and  shortens  the 
decoherence  time. 


For  quantum  dots  of  nanometer  size,  separated  by  «  10“®  m,  and  the 
resonant  wavelength  of  the  order  of  10"®  m  10^^  Hz)  realistic  estimates 
could  be  Tc  «  10"®  s  and  O  ^  10^^  Hz.  Tunable  vibronic  solid-state  laser  are 
available  at  these  wavelengths  [29];  for  example,  the  titanium-sapphire  lasers 
with  modelocking  can  produce  adequate  short  pulses  Tp  10-13  _  iQ-10  g 
with  nanosecond  intervals.  The  applied  voltage  which  activates  quantum  dots 
and  determines  the  computational  network  can  be  changed  on  much  slower 
time  scale  without  affecting  the  speed  of  computation.  Assuming  that  the 
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clock  cycle  is  of  the  order  10“®  s,  we  should  be  able  to  squeeze  about  10^ 
coherent  steps.  Not  a  bene,  one  coherent  step  of  the  whole  device  implies  many 
elementary  transitions  performed  in  parallel  on  many  activated  dots. 

Fortunately,  the  problem  of  factorising  integers,  and  Shor’s  quantum  algo¬ 
rithm  for  solving  it,  seem  almost  ideally  suited  for  minimising  the  impact  of 
these  limitations  while  still  harnessing  quantum  parallelism  of  a  tremendous 
degree.  Perhaps  in  this  particular  case  the  experimental  realisations  may  come 
sooner  than  we  anticipate! 
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Abstract.  Optical  spectroscopy  of  single  impurity  molecules  in  solids  can  be  used  as  an 
exquisitely  sensitive  probe  of  the  structure  and  dynamics  of  the  specific  local 
environment  around  the  single  molecule  (the  “nanoenvironment”).  Some  phenomena 
that  have  been  studied  are  the  spectral  diffusion  dynamics  of  a  single  molecule, 
perturbations  by  external  fields,  changes  in  molecular  photophysics,  shifts  in  vibrational 
modes,  optical  modification  of  the  absoiption  specu-um,  dynamics  due  to  amorphous 
system  physics,  and  magnetic  resonance  of  a  single  molecular  spin.  This  demonstrates 
the  vitality  of  and  growing  interest  in  this  new  field,  which  may  in  the  future  lead  to 
optical  storage  on  the  single-molecule  level. 

1.  INTRODUCTION 

Over  the  past  five  years,  the  power  of  optical  spectroscopy  with  high-resolution 
laser  sources  has  recently  been  extended  into  the  fascinating  domain  of  individual 
impurity  molecules  in  solids,  where  the  single  molecule  acts  as  a  probe  of  the 
detailed  local  environment  with  unprecedented  sensitivity(l)-(6).  In  ongoing 
experiments  at  several  laboratories  around  the  world,  exactly  one  molecule  hidden 
deep  within  a  solid  sample  is  probed  at  a  time  by  tunable  laser  radiation,  which 
represents  detection  and  spectroscopy  of  1.66  x  lO'^"^  moles  of  material,  or  1.66 
yoctomoles^  Such  single-molecule  measurements  completely  remove  the  normal 
ensemble  averaging  that  occurs  when  a  large  number  of  molecules  are  probed  at 
the  same  time.  Thus,  the  usual  assumption  that  all  molecules  contributing  to  the 
ensemble  average  are  identical  can  now  be  directly  examined,  and  strong  tests  of 
truly  microscopic  theories  can  be  completed. 

Single-molecule  spectroscopy  (SMS)  in  solids  is  related  to,  but  distinct  from, 
the  fascinating  and  well-established  field  of  spectroscopy  of  single  electrons, 
atoms,  or  ions  confined  in  electromagnetic  traps  or  on  surfaces(7)-(9).  The  vacuum 
environment  and  confining  fields  of  an  electromagnetic  trap  are  quite  different 
from  the  environment  of  a  single  molecule  in  a  solid  where  the  lattice  interactions 
act  to  constrain  the  molecule,  hindering  or  preventing  molecular  rotation.  In 
addition,  in  the  solid  the  molecule  is  continuously  bathed  in  the  phonon  vibrations 
available  at  a  given  temperature.  In  comparison  to  another  important  field,  near- 


1.  Since  a  single  molecule  is  the  smallest  unit  of  a  molecular  substance,  a  more  appropriate  unit  in 
this  case  would  be  the  guacamole,  which  is  the  quantity  of  moles  exactly  equal  to  the  inverse  of 
avocado's  number. 
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field  probing  of  atoms  on  surfaces  with  scanning  tunneling  microscopy  or  atomic 
force  microscopy!  10),  where  a  strong  bond  between  the  molecule  and  the 
underlying  surface  as  well  as  tolerance  of  the  perturbing  forces  from  the  tunnelling 
electrons  or  the  tip  are  required,  SMS  usually  operates  noninvasively  in  the  optical 
far-field  with  a  corresponding  loss  in  spatial  resolution,  but  with  no  loss  of  spectral 
resolution.  In  recent  work,  single-molecule  imaging  has  been  achieved  with  near¬ 
field  optical  techniques  with  100  nm  resolution  at  room  temperature!  11)(  12)  and 
the  emission  dispersed  to  study  vibrational  structure!  13),  but  the  spectral 
resolution  available  under  such  conditions  was  three  to  four  orders  of  magnitude 
poorer  than  the  high-resolution  SMS  described  here. 

This  paper  presents  an  overview  of  some  of  the  recent  advances  produced  by 
the  spectroscopy  of  single  impurity  centers  in  solids,  with  emphasis  on  single, 
isolated  molecular  impurities.  In  the  next  two  sections,  the  specific  requirements 
for  high-resolution  SMS  will  be  described  and  example  spectra  presented.  Section 
4  provides  a  brief  historical  background  with  a  partial  list  of  the  various 
measurements  that  have  been  reported  to  date.  In  the  remainder  of  the  paper, 
specific  results  on  imaging,  spectral  diffusion,  optical  modification  of  single 
molecules  !which  may  lead  to  single  molecule  optical  storage),  correlation 
properties  of  the  emitted  photons,  vibrational  modes,  and  magnetic  resonance  will 
be  described  in  more  detail.  The  reader  may  consult  one  of  several  recent  reviews 
for  more  information  !4)-!6).  The  significance  of  these  SMS  studies  is:  !i)  new 
physical  effects  have  been  observed  in  the  single-molecule  regime,  and  !ii)  as  a 
result  of  the  ability  to  follow  spectral  changes  of  a  single  molecule  in  real  time,  it  is 
now  possible  in  a  single  nanoenvironment  to  directly  probe  the  connection 
between  specific  microscopic  theories!  14)  of  local  structure,  dynamics,  and  host- 
guest  interactions  and  the  statistical  mechanical  averages  that  are  measured  in 
conventional  experiments. 

2.  HOW  SINGLE-MOLECULE  SPECTROSCOPY  IN  SOLIDS 
IS  ACCOMPLISHED 

One  may  ask:  How  is  it  possible  to  use  optical  radiation  to  isolate  a  single 
impurity  molecule  hidden  deep  inside  a  host  matrix?  This  section  briefly  describes 
the  methods  used  to  ensure  that  the  fluorescence  emission^  from  the  molecule 
dominates  over  all  background  signals  !for  full  details  see  Refs.!  15)  (16)). 

First  of  all,  only  a  small  volume  of  sample  on  the  order  of  a  few  hundred  \im^  is 
probed  by  using  a  thin  sample  and  a  small  (|im- sized)  laser  spot  produced  by  a 
lens,  the  core  of  an  optical  fiber  or  an  aperture.  In  addition,  the  transparent  host 
material  is  doped  with  the  impurity  at  low  concentration,  in  the  range  10"^  to  10'^ 


2.  In  fact,  the  first  SMS  used  a  powerful  double-modulation  modification  of  laser  FM  specuoscopy 
to  detect  the  absorption  from  a  single  molecule  with  a  signal-to-noise  ratio  (SNR)  of  about  5(1  )(2). 
However,  since  fluorescence  excitation(3)  provides  higher  SNR  for  most  systems,  we  concentrate 
on  fluorescence  here. 
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moies/mole  or  lower.  These  two  actions  alone  are  insufficient  to  guarantee  that 
only  one  impurity  molecule  in  the  probed  volume  is  in  resonance  with  the  laser  at  a 
time.  Additional  selectivity  on  the  order  of  a  factor  of  10"^  or  so  is  provided  by 
carefully  selecting  the  guest  and  host  and  using  the  well-known  properties  of 
inhomogeneously  broadened  absorption  lines  in  solids(17)-(20),  summarized 
below. 

For  optimal  fluorescence  excitation,  the  quantum  yield  for  photon  emission  per 
absorption  event  should  clearly  be  high.  Moreover,  it  has  been  recognized  since 
the  first  SMS  experiments  that  in  order  to  efficiently  produce  absorption  events 
with  the  incident  photons  rather  than  unwanted  scattering  signals,  the  peak 
absorption  cross  section  should  be  as  large  as  possible(  l)(16)(21)-(23).  This  is 
because  the  probability  that  a  single  molecule  will  absorb  a  photon  from  the 
incident  beam  is  simply  Op^/A,  where  A  is  the  area  of  the  probing  laser  beam. 
Since  Gp^  depends  linearly  upon  the  oscillator  strength  and  inversely  upon  the 
optical  homogeneous  linewidth  Avh,  strong  absorptions  and  narrow  lines  would  be 
expected  to  give  the  largest  Gp^  values.  Strong  absorptions  are  conveniently 
provided  by  elec tric-dipole-allo wed  singlet-singlet  transitions  in  aromatic 
molecules  where  the  oscillator  strength  is  often  near  unity.  The  narrowest  optical 
linewidths  in  solids  occur  for  zero-phonon,  zero-vibration  electronic  transitions  at 
low  temperatures,  because  such  transitions  can  only  broaden  by  phonon  scattering 
events.  For  rigid  molecules  like  pentacene  or  perylene  in  a  crystalline  solid  below 
10  K,  the  linewidth  of  the  optical  transition  near  500  THz  is  on  the  order  of  ten 
MHz,  and  Gp^  reaches  values  near  10'^^  cm^,  approximately  4,000  times  the  area 
of  a  single  molecule. 

There  is  an  additional  crucial  phenomenon  important  for  SMS  which  results 
from  the  extreme  narrowness  of  such  zero-phonon  transitions:  inhomogeneous 
broadening(17)(18)  (see  Fig.  1,  top).  This  occurs  when  Av^  becomes  narrower 
than  the  (mostly  static)  distribution  of  resonance  frequencies  in  the  solid  caused  by 
dislocations,  point  defects,  or  random  internal  strain  and  electric  fields  and  field 
gradients  (inset).  Inhomogeneous  broadening  is  a  universal  feature  of  high- 
resolution  spectroscopy  of  defects  in  solids(19)(20)  and  of  other  spectroscopies 
where  zero-phonon  lines  are  probed  such  as  magnetic  resonance.  (A  dynamic 
inhomogeneous  broadening  also  occurs  for  Doppler- broadened  lines  of  gases.) 
Inhomogeneous  broadening  facilitates  selection  of  a  single  impurity,  because  the 
different  guest  molecules  in  the  probe  volume  take  on  slightly  different  resonance 
frequencies  according  to  the  local  fields  at  the  location  of  the  impurity.  One  then 
simply  uses  the  tunability  of  a  narrowband  laser  to  select  different  single  impurity 
centers.  Naturally,  this  must  be  done  in  a  region  of  the  optical  frequency  spectrum 
where  the  number  of  molecules  per  homogeneous  width  is  on  the  order  of  or  less 
than  one.  This  may  be  accomplished  (i)  by  tuning  the  laser  wavelength  out  into  the 
wings  of  the  inhomogeneous  line  (Fig.  1,  bottom  right),  (ii)  by  using  a  sample  with 
a  very  low  doping  level,  or  (iii)  by  producing  a  large  inhomogeneous  linewidth  so 
that  no  two  molecules  are  present  at  any  given  frequency.  All  three  of  these 
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FIGURE  1.  Schematic  showing  an  inhomogeneous  line  at  low  temperatures  and  the 
principle  of  SMS  in  solids.  The  entire  line  is  formed  as  a  superposition  of  Lorentzian 
profiles  of  the  individual  absorbers,  with  a  distribution  of  center  resonance  frequencies 
caused  by  random  strains  and  imperfections.  In  the  inset,  several  dopant  moleci^es  are 
sketched  with  different  nanoenvironments  produced  by  strains,  local  electric  fields,  and 
other  Imperfections  in  the  host  matrix.  The  lower  part  of  the  figure  shows  how  the  riumber 
of  impurity  molecules  in  resonance  in  the  probed  volume  can  be  varied  by  changing  the 
laser  wavelength.  The  laser  linewidth  is  negligible  on  the  scale  shown. 

methods  have  been  used. 

A  further  requirement  on  the  absorption  properties  of  the  probe  molecule  is  the 
absence  of  strong  bottlenecks  in  the  optical  pumping  cycle.  In  organic  molecules, 
intersystem  crossing  (ISC)  from  the  singlet  states  into  the  triplet  states  represents  a 
bottleneck,  because  photon  emission  usually  ceases  for  a  relatively  long  time  equal 
to  the  triplet  lifetime  when  ISC  occurs.  This  effect  results  in  premature  saturation 
of  the  emission  rate  from  the  molecule  and  reduction  of  compared  to  the  case 
with  no  bottleneck(24).  Thus,  molecules  with  weak  ISC  yield  and  short  triplet 
lifetime  are  preferable,  such  as  rigid,  planar  aromatic  dyes. 

A  final  requirement  for  SMS  is  the  selection  of  a  guest-host  couple  that  allows 
for  photostability  of  the  impurity  molecule  and  weak  spectral  hole-burning,  where 
by  spectral  hole-burning  we  include  any  light-induced  change  in  the  resonance 
frequency  of  the  molecule  caused  either  by  frank  photochemistry  of  the  molecule 
or  by  a  photophysical  change  in  the  nearby  environment(25).  For  example,  most 
detection  schemes  with  overall  photon  collection  efficiency  of  1%  to  0.1%  require 
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FIGURE  2.  Structures  of  some  molecules  used  thus  far  for  SMS:  (a)  pentacene,  (b) 
perylene,  and  (c)  terrylene. 


that  the  quantum  efficiency  for  hole-burning,  ti,  be  less  than  10'^  to  10’^.  This  is 
necessary  to  provide  sufficient  time  averaging  of  the  single-molecule  lineshape 
before  it  changes  appreciably  or  moves  to  another  spectral  position. 

Using  all  of  these  concepts,  specific  expressions  for  the  signal-to-noise  ratio 
(SNR)  for  SMS  may  be  derived  (see  Refs.  (4)  and  (27)),  and  values  on  the  order  of 
20  can  be  expected  with  1  s  integration  time  and  spot  diameters  of  a  few  |im  for  a 
system  like  pentacene  substitutional  impurities  in  a  p-terphenyl  crystal. 

Most  SMS  studies  to  date  have  concentrated  on  four  host-guest  combinations 
using  the  three  impurity  molecules  shown  in  Figure  2:  pentacene  in  p-terphenyl, 
perylene  in  poly(ethylene)(26),  terrylene  in  poly(ethylene)(28),  and  terrylene  in 
the  ShpoTskii  matrix  hexadecane(29)(30).  The  Shpol’skii  matrices  in  particular 
should  provide  a  large  new  class  of  materials  which  allow  SMS.  In  very  recent 
unpublished  work,  several  groups  have  reported  new  host-guest  combinations,  so 
that  the  total  number  of  systems  as  of  June  1994  is  approximately  15. 


3.  EXAMPLES  OF  SINGLE-MOLECULE  SPECTRA 

Figure  3  shows  fluorescence  excitation  spectra  for  a  10  pm  thick  sublimed 
crystal  of  pentacene  in  p-terphenyl  at  1.5  K  (for  specific  details  of  the  experimental 
apparatus,  see  Ref.  (15)).  In  fluorescence  excitation,  the  optical  absorption  is 
measured  by  recording  the  total  fluorescence  emission  shifted  to  long  wavelengths 
as  the  laser  frequency  is  scanned  over  the  absorption  line.  The  18  GHz  spectrum  in 
Fig.  3(a)  (obtained  by  scanning  a  3  MHz  linewidth  dye  laser  over  the  entire 
inhomogeneous  line)  contains  20,000  points;  to  show  all  the  fine  structure  usually 
requires  several  meters  of  linear  space.  The  structures  appearing  to  be  spikes  are 
not  noise;  all  features  shown  are  static  and  repeatable.  Near  the  center  of  the 
inhomogeneous  line,  the  “spectral  roughness”  is  a  fundamental  effect  called 
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FIGURE  3.  Fluorescence  excitation  spectra  for  pentacene  in  p-terphenyl  at  1 .5  K.  (a) 
Broad  scan  of  the  inhomogeneously  broadened  line,  all  the  spikes  are  repeatable 
features,  (b)  Expansion  of  2  GHz  showing  several  single  molecules.  The  laser  detuning  is 
referenced  to  the  line  center  at  592.321  nm.  (c)  Low-power  scan  of  a  single  molecule  at 
592.407  nm  showing  the  lifetime-limited  width  of  7.8  MHz  and  a  Lorentzian  fit. 

statistical  fine  structure  (SFS,  see  Refs.  (31)(32))  which  arises  directly  from 
statistical  variations  in  the  spectral  density  of  absorbers  with  laser  frequency.  It  is 
immediately  obvious  that  the  inhomogeneous  line  is  far  from  Gaussian  in  shape 
and  that  there  are  tails  extending  out  many  standard  deviations  from  the  center 
both  to  the  red  and  to  the  blue.  Figure  3(b)  shows  an  expanded  region  in  the  wing 
of  the  line.  Each  of  the  narrow  peaks  is  the  absorption  profile  of  a  single  molecule. 
The  peak  heights  vary  due  to  the  fact  that  the  laser  transverse  intensity  profile  is 
bell-shaped  and  the  molecules  are  not  always  located  at  the  center  of  the  laser  focal 
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spot.  Even  though  these  spectra  seem  narrow,  they  are  in  fact  slightly  power- 
broadened  by  the  probing  laser. 

Upon  close  examination  of  an  individual  single-molecule  peak  at  lower 
intensity  (Fig.  3(c),  the  quantum-limited  linewidth  of  7.8  ±  0.2  MHz  can  be 
observed(33).  Here,  the  quantum  limit  applies  because  the  optical  linewidth  has 
reached  the  minimum  value  allowed  by  the  lifetime  of  the  optical  excited  state. 
This  value  is  in  excellent  agreement  with  previous  photon  echo  measurements  of 
Avh  using  large  ensembles  of  pentacene  molecules(34)(35).  The  well-isolated 
single-molecule  spectra  in  Fig.  3  are  wonderful  for  the  spectroscopist:  many 
detailed  spectroscopic  studies  of  the  local  environment  can  be  performed,  because 
such  narrow  lines  are  much  more  sensitive  to  local  perturbations  than  broad 
spectral  features. 

4.  HISTORICAL  BACKGROUND  AND  SUMMARY  OF 

RESULTS 

The  foundations  for  SMS  were  laid  in  1987  when  the  spectral  roughness  called 
statistical  fine  structure  scaling  as  the  square  root  of  the  number  of  absorbers  was 
first  observed  for  pentacene  in  p-terphenyl(31)(32).  The  first  single-molecule 
spectra  were  also  recorded  in  this  material  using  a  sophisticated  zero-scattering- 
background  absorption  technique,  FM  spectroscopy,  combined  with  either  Stark  or 
ultrasonic  modulation  of  the  absorption  line(l)(2).  The  SNR  in  these  FM 
experiments  of  about  5  was  limited  by  the  shot  noise  of  the  laser  beam.  In  1990, 
Orrit  et  al.  demonstrated  that  fluorescence  excitation  produces  superior  signals  if 
the  emission  is  collected  efficiently  and  the  scattering  sources  are  minimized(3). 
Subsequent  experiments  have  used  fluorescence  excitation  exclusively. 

For  example,  with  SMS  methods  it  has  been  possible  to  observe  the  quantum- 
limited  linewidth  of  a  single  molecule(33),  temperature-dependent  dephasing 
effects  on  the  single- molecule  linewidth(15),  optical  saturation  behavior(15),  the 
effects  of  applied  electric  fields  in  crystals(36)  and  polymers(28),  and  shifts  due  to 
external  hydrostatic  pressure(37),  all  of  which  represent  applications  of  the  tools  of 
the  spectroscopist  to  the  narrow  spectral  absorption  line  of  a  single  molecule  in  a 
solid  at  low  temperatures.  With  proper  time-delayed  photon-counting  apparatus, 
the  fluorescence  emission  lifetime  of  a  single  molecule  can  be  directly 
measured(38).  More  surprisingly,  several  unexpected  effects  have  also  been 
observed,  including  spectral  diffusion  of  a  single  molecule  due  to  dynamics  of  the 
nearby  host(39),  reversible  optical  modification  which  could  lead  to  optical  storage 
on  a  single  molecule  scale(26)(27),  and  even  magnetic  resonance  of  a  single 
molecular  spin(40)-(42).  The  correlation  properties  of  the  emitted  photons  have 
been  used  to  good  advantage  to  measure  photophysics  of  single  molecules(43), 
resonance  frequency  fluctuations  due  to  host  degrees  of  freedom(44),  and  photon 
antibunching(45).  It  has  also  been  possible  to  obtain  fairly  detailed  information 
about  the  nanoenvironment  of  a  single  molecule  by  measuring  the  vibrational 


474  Optical  Spectroscopy  of  Individual  Molecules 


FIGURE  4.  Three-dimensional  “images”  of  single  molecules.  The  measured 
fluorescence  signal  (z-axis)  is  shown  over  a  range  of  300  MHz  in  excitation  frequency 
(horizontal  axis,  center  =  592.544  nm )  and  40  pm  in  spatial  position  (axis  into  the  page). 

mode  frequencies  in  the  electronic  ground  state(46)(47)(48). 

5.  IMAGING  SINGLE  MOLECULES  IN  SOLIDS 

To  survey  some  of  the  interesting  results  which  have  been  obtained  with  SMS, 
Figure  4  shows  a  three-dimensional  “image”  of  single  molecules  in  a  solid  first 
obtained  for  pentacene  in  p-terphenyl  some  years  ago  (15)  (rendered  using  IBM 
Data  Explorer).  The  z-axis  of  the  image  is  the  usual  fluorescence  signal,  the 
horizontal  axis  is  the  laser  frequency  detuning  (300  MHz  range),  and  the  axis 
going  into  the  page  is  one  transverse  spatial  dimension  (40  pm  range).  The  spatial 
scan  is  produced  by  slowly  translating  the  laser  focal  spot  across  the  face  of  the 
crystal  and  obtaining  spectra  at  each  position.  There  are  three,  large,  clear  single 
molecule  peaks  localized  in  both  frequency  and  position  at  the  center,  upper  left, 
and  upper  right.  The  resolution  of  this  image  in  the  spatial  dimension  is  clearly 
limited  by  the  5  pm  diameter  laser  spot;  however,  in  the  frequency  dimension  the 
features  are  fully  resolved. 

The  frequency  widths  of  the  peaks  in  Fig.  4  are  slightly  larger  than  the  lifetime- 
limited  width  (Fig.  3(c))  due  to  the  use  of  higher  probing  intensity.  The  oddly- 
shaped  peak  in  between  the  two  strong  molecules  at  the  center  and  upper  right 
results  from  a  molecule  that  is  spectrally  diffusing  due  to  changes  in  its  local 
nanoenvironment  during  the  measurement  (see  the  next  section). 

In  recent  work  at  ETH-Ziirich,  four-dimensional  images  have  been  obtained  for 
pentacene  in  p-terphenyl  with  two  spatial  and  one  frequency  dimension  (48).  This 
“fluorescence  microscopy”  experiment  utilized  a  2-D  photocathode/image 
intensifier/vidicon  camera  specifically  configured  as  a  photon  counter  in  each 
pixel.  The  single  molecules  appear  as  star-like  objects  which  appear  and  disappear 
as  the  laser  frequency  is  scanned.  Future  work  should  consider  increasing  the 
spatial  resolution  by  near- field  optical  techniques(ll).  At  low  temperatures,  the 
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narrowness  of  the  spectral  features  compared  to  room  temperature  should  provide 
unprecedented  detail  of  the  local  environment  of  the  impurity  molecule. 

6.  DIRECT  OBSERVATIONS  OF  SPECTRAL  DIFFUSION  AND 

HOST  DYNAMICS 

When  a  new  regime  is  first  opened  for  study,  often  new  physical  effects  can  be 
observed.  In  the  course  of  the  early  SMS  of  pentacene  in  p-terphenyl,  an 
unexpected  phenomenon  appeared:  resonance  frequency  shifts  of  individual 
pentacene  molecules  in  a  crystal  at  1.5  K(39),  called  spectral  diffusion  by  analogy 
to  amorphous  systems(49).  Here,  spectral  diffusion  means  changes  in  the  center 
(resonance)  frequency  of  a  defect  due  to  configurational  changes  in  the  nearby 
host  which  affect  the  frequency  of  the  electronic  transition  via  guest-host  coupling. 
Experimentally,  two  distinct  classes  of  single  pentacene  molecules  were  identified: 
class  I,  which  have  center  frequencies  that  are  stable  in  time  like  the  three  large 
molecules  in  Fig.  4,  and  class  II,  which  showed  spontaneous,  discontinuous  jumps 
in  resonance  frequency  of  20-60  MHz  on  a  1-420  s  time  scale,  which  are 
responsible  for  the  distorted  single-molecule  peak  in  Fig.  4. 

To  illustrate  the  behavior  of  the  fascinating  type  II  molecules,  Figure  5(a)  shows 
a  sequence  of  excitation  spectra  of  a  single  molecule  taken  as  fast  as  allowed  by 
the  available  SNR.  The  laser  was  scanned  once  every  2.5  s  with  0.25  s  between 
scans,  and  the  hopping  of  this  molecule  from  one  resonance  frequency  to  another 
is  clearly  evident.  By  acquiring  hundreds  to  thousands  of  such  spectra,  a  trajectory 
or  trend  of  the  resonance  frequency  can  be  obtained  as  shown  in  Fig.  5(b)  (for  the 
same  molecule  as  Fig.  5(a)).  For  this  molecule,  the  optical  transition  energy 
appears  to  have  a  preferred  set  of  values  and  performs  spectral  jumps  between 
these  values  that  are  discontinuous  on  the  2.5  s  time  scale  of  the  measurement.  The 
behavior  of  another  molecule  is  shown  in  Fig.  5(c)  at  1.5  K  and  in  Fig.  5(d)  at  4.0 
K.  This  molecule  wanders  in  frequency  space  with  many  smaller  jumps,  and  both 
the  rate  and  range  of  spectral  diffusion  increases  with  temperature  suggesting  a 
phonon-driven  process.  The  occurrence  of  class  11  defects  was  quite  common  in 
the  wings  of  the  inhomogeneous  line,  but  only  class  I  defects  were  observed  close 
to  the  center,  suggesting  the  spectral  difusion  effect  is  connected  to  disorder  in  the 
crystal  structure.  In  addition,  the  jumping  rate  did  not  depend  upon  the  probing 
laser  power.  The  spectral  diffusion  appeared  to  be  a  spontaneous  process  rather 
than  a  light-induced  spectral  hole-burning  effect(33). 

Since  the  optical  absorption  is  highly  polarized(50)  and  the  peak  signal  from  the 
molecule  does  not  decrease  when  the  spectral  jumps  occur,  it  is  unlikely  that  the 
molecule  is  changing  orientation  in  the  lattice.  Since  the  resonance  frequency  of  a 
single  molecule  in  a  solid  is  extremely  sensitive  to  the  local  strain,  the  conclusion 
from  these  observations  is  that  the  spectral  jumps  are  due  to  internal  dynamics  of 
some  configurational  degrees  of  freedom  in  the  surrounding  lattice.  The  situation 
is  analogous  to  that  for  amorphous  systems,  which  are  postulated  to  contain  a 
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FIGURE  5.  Examples  of  single-molecule  spectral  diffusion  for  pentacene  In  p-terphenyl 
at  1 .5  K.  (a)  A  series  of  fluorescence  excitation  spectra  each  2.5  s  long  spaced  by  2.75  s 
showing  discontinuous  shifts  in  resonance  frequency,  with  zero  detuning=592.546  nm. 
(b)  Trend  or  trajectory  of  the  resonance  frequency  over  a  long  time  scale  for  the  molecule 
in  (a),  (c)  Resonance  frequency  trend  for  a  different  molecule  at  592.582  nm  at  1 .5  K  and 
at  (d)  4.0  K. 

multiplicity  of  local  configurations  that  can  be  modeled  by  a  collection  of  double¬ 
well  potentials  (the  two-level  system  or  TLS  model(51)).  The  dynamics  results 
from  phonon-assisted  tunneling  or  thermally  activated  barrier  crossing  in  these 
potential  wells.  One  possible  source  for  the  tunneling  states(15)  could  be  discrete 
torsional  librations  of  the  central  phenyl  ring  of  the  nearby  p-terphenyl  molecules 
about  the  molecular  axis.  The  p-terphenyl  molecules  in  a  domain  wall  between  two 
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twins  or  near  lattice  defects  may  have  lowered  barriers  to  such  central-ring 
tunneling  motions.  Further  study  is  necessary  to  conclusively  identify  the  specific 
molecular  motions  responsible  for  the  effect.  These  direct  observations  of  the 
dynamics  of  a  nanoenvironment  of  a  single  molecule  have  sparked  fascinating  new 
theoretical  studies  of  the  underlying  microscopic  mechanism(14)(52). 

Spectral  diffusion  effects  similar  to  those  shown  in  Fig.  5  also  have  been 
observed  in  SMS  studies  of  perylene  in  poly(ethylene)(26)(27)  and  of  terrylene  in 
poly(ethylene)(28)(53).  As  opposed  to  the  crystalline  system  above,  in  amorphous 
materials  spectral  diffusion  is  expected(49),  and  it  is  observed  in  a  variety  of  time 
regimes.  On  the  fast  (sub-s)  time  scale,  spectral  shifts  on  the  order  of  10-100  MHz 
produce  single-molecule  lineshapes  which  fluctuate  from  measurement  to 
measurement.  On  longer  time  scales,  jumping  behavior  can  be  observed  similar  to 
that  shown  in  Fig.  5(b),  5(c),  and  5(d).  Detailed  measurements  of  terrylene  in 
poly(ethylene)(53)  also  suggest  that  at  higher  laser  powers,  more  spectral  diffusion 
is  observed  which  may  be  regarded  as  a  type  of  transient  spectral  hole-burning  (see 
the  next  section).  Orrit  et  al.(44)(54)  have  used  photon  correlation  techniques  to 
study  such  processes  (see  Section  7).  Finally,  for  terrylene  in  hexadecane,  a  two- 
state  or  few-state  spectral  shifting  behavior  was  observed(30),  and  this  process  was 
shown  to  be  influenced  by  the  intensity  of  the  probing  light  beam. 

These  measurements  of  spectral  diffusion  in  crystals  and  polymers  illustrate  the 
unique  power  of  SMS  in  detecting  changes  in  the  nanoenvironment  of  a  single 
molecule.  The  spectral  changes  can  be  followed  in  real  time  for  each  individual 
impurity  molecule;  no  ensemble  averages  over  “equivalent”  centers  need  be  made 
that  would  obscure  the  effects. 

7.  OPTICAL  MODIFICATION  OF  SINGLE  MOLECULE 
SPECTRA  AND  APPLICATIONS  TO  OPTICAL  STORAGE 

A  spectral  hole  usually  refers  to  a  dip  in  the  inhomogeneously  broadened 
absorption  spectrum  of  many  molecules  when  light  irradiation  alters  the 
absorption  frequencies  of  a  portion  of  the  resonant  absorbers(25).  In  the  single¬ 
molecule  regime,  however,  only  the  isolated  absorption  line  of  one  center  is 
present.  When  photochemical  or  photophysical  changes  occur  as  a  result  of  optical 
excitation,  the  absorption  line  simply  appears  to  vanish  as  the  resonance  frequency 
of  the  single  center  shifts  away  from  the  laser  frequency.  Since  laser-induced 
resonance  frequency  shifts  form  the  foundation  for  the  spectral  hole-burning 
process,  I  will  continue  to  use  the  term  “hole-burning”  even  for  the  single¬ 
molecule  case. 

At  first  glance,  the  spontaneous  spectral  diffusion  of  the  last  section  seems 
similar  to  single-molecule  hole-burning,  and  in  some  cases,  it  may  be  hard  to 
distinguish  the  two(53),  because  when  a  single  molecule  changes  resonance 
frequency,  one  may  not  know  which  mechanism  produced  the  change.  Since  hole¬ 
burning  is  driven  by  the  light  and  does  not  spontaneously  occur  like  the  spectral 
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diffusion  of  the  last  section,  it  is  best  to  observe  a  dependence  on  the  intensity  of 
the  laser  beam  to  verify  that  hole-burning  is  occurring.  The  exact  microscopic 
mechanism  for  light-induced  resonance  frequency  shifts  needs  further  study  and 
may  be  related  to  the  generation  of  molecular  internal  vibrational  modes  during 
fluorescence  emission  or  to  non-radiative  decay  of  the  excited  state. 

This  effect  was  first  convincingly  observed  in  the  perylene  in  poly(ethylene) 
system(26)(27),  where  a  clear  increase  in  hole-burning  rate  (i.e.,  rate  of  production 
of  light-induced  spectral  shifts)  was  observed  with  increasing  laser  intensity.  This 
was  possible  because  a  large  fraction  of  the  single  molecules  showed  reversible 
hole-burning,  where  reversibility  means  the  spontaneous  return  of  the  resonance 
frequency  to  its  original  value  after  the  spectral  shift.  Reversibility  allows  many 
measurements  of  the  stochastic  burning  time,  yielding  the  kinetic  distribution  for 
the  same  single  molecule(27).  Irreversible  hole-burning  was  also  observed.  In 
either  case,  the  exact  location  of  the  new  resonance  frequency  was  unknown,  but 
by  analogy  with  previous  nonphotochemical  hole-burning  studies  on  toge 
ensembles  of  molecules(55)(56),  the  shift  may  be  expected  to  be  up  to  100  cm‘  . 

In  principle,  single-molecule  hole-burning  is  a  controllable  process  which  could 
allow  modification  of  the  transition  frequency  of  any  arbitrary  chosen  molecule  in 
the  polymer  host.  This  leads  naturally  to  the  possibility  of  optical  storage  at  the 
single-molecule  level.  For  highest  density,  near-field  optical  excitation  with  a  50 
nm  diameter  pulled  fiber  tip  could  be  used,  which  has  demonstrated  densities  of  45 
Gbits/in^  with  magneto-optic  recording(57).  One  can  imagine  a  very  thin  layer  of 
the  material  some  tens  of  nm  thick  with  a  sufficiently  broad  inhomogeneous  line  so 
that  single  impurity  molecules  are  isolated  and  spread  over  a  large  range  of 
frequency  space.  The  resonance  frequencies  constitute  the  addresses  of  all  the  bits 
to  be  written  in  a  single  focal  volume.  A  binary  sequence  of  'T"'s  and  "0"'s  can  be 
produced  by  altering  or  ignoring  each  single  molecule  absorption. 

Single-molecule  optical  storage,  while  highly  speculative  at  the  present  time, 
provides  several  advantages  and  disadvantages.  Among  the  advantages  are  (i)  the 
extreme  areal  density  (up  to  perhaps  10^^  bits/in^  for  a  50  nm  x  50  nm  storage 
volume  and  doping  level  of  10'^  giving  100  bits  per  spot)  (ii)  the  increased  signal 
from  each  molecule  resulting  from  the  use  of  sub-diffraction-limited  beams,  and 
(iii)  the  ease  of  access  of  different  bits  by  simply  tuning  the  laser.  Some 
disadvantages  are  the  required  low  temperatures,  stochastically  variable  burning 
times,  high  doping  level  and  variable  frequency  locations  of  the  individual  bits 
from  laser  spot  to  laser  spot.  The  last  problem  can  be  overcome  in  principle  by 
“pre-formatting”  the  resonance  frequencies  or  even  possibly  by  careful  design  of 
the  inhomogeneous  distribution.  In  spite  of  these  problems,  optical  modification  of 
single-molecule  spectra  not  only  provides  a  unique  window  into  the  photophysics 
and  low-temperature  dynamics  of  the  amorphous  state,  but  it  also  allows  such 
novel  optical  storage  schemes  to  be  studied  and  developed. 
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FIGURE  6.  Schematic  of  the  photon  emission  times  from  a  single  molecule  showing 
bunching  on  the  scale  of  the  triplet  lifetime  (upper  half)  and  antibunching  on  the  scale  of 
the  inverse  of  the  Rabi  frequency  (lower  half). 


8.  TIME  CORRELATION  OF  SINGLE  MOLECULE  EMISSION 


The  stream  of  photons  emitted  by  a  single  molecule  contains  information  about  the 
system  encoded  in  the  arrival  times  of  the  individual  photons.  Figure  6  schemati¬ 
cally  shows  the  time-domain  behavior  of  the  photon  stream  for  a  single  molecule 
with  a  dark  triplet  state,  here  taken  to  be  pentacene.  While  cycling  through  the  sin¬ 
glet  states  So  ->  Sj  ->So,  photons  are  emitted  until  intersystem  crossing  occurs. 
Since  the  triplet  yield  is  0.5%(58),  200  photons  are  emitted  on  average  before  a 
dark  period  which  has  an  average  length  equal  to  the  triplet  lifetime,  Xj.  This 
causes  “bunching”  of  the  emitted  photons  as  shown  in  the  upper  half  of  the  Figure. 
The  subsequent  decay  in  the  autocorrelation  of  the  emitted  photons  for  pentacene 
in  p-terphenyl  was  first  reported  by  Orrit  et  al.(3),  and  this  phenomenon  has  been 
used  to  measure  the  changes  in  the  triplet  yield  and  triplet  lifetime  from  molecule 
to  molecule(43)  which  occur  as  a  result  of  distortions  of  the  molecule  by  the  local 
nanoenvironment.  Such  correlation  measurements  can  extract  information  about 
the  single  molecule  on  much  shorter  time  scales  (down  to  the  [is  range)  than  the 
frequency  scans  described  in  previous  sections;  however,  the  dynamical  process 
must  be  stationary,  that  is,  the  dynamics  must  not  change  during  the  relatively  long 
time  (many  s)  needed  to  record  enough  photon  arrivals  to  generate  a  valid  autocor¬ 
relation.  For  the  terrylene  in  poly(ethylene)  system  which  has  complex  dynamics 
driven  by  TLS’s  in  the  polymer,  the  amplitude  fluctuations  in  the  single-molecule 
fluorescence  signal  resulting  from  shifts  of  the  resonance  frequency  sometimes 
cause  a  characteristic  fall-off  in  the  autocorrelation  which  yields  information  about 
the  TLS-phonon  coupling(44)(54). 

By  contrast,  in  the  nanosecond  time  regime  (lower  half  of  Fig.  8),  the  emitted 
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FIGURE  7.  Photon  antibunching  for  a  single  molecule  of  pentacene  in  p-terphenyl  at 
593.4  nm.  The  intensity  correlation  N(x)  is  shown  for  Rabi  frequencies  %  of  (a)  11,2  MHz, 
(b)26.2  MHz,  and  (c)  68.9  MHz.  The  solid  lines  are  fits  as  described  in  Ref.  (45). 

photons  from  a  single  quantum  system  are  expected  to  show  antibunching,  which 
means  that  the  photons  ’’space  themselves  out  in  time",  that  is,  the  probability  for 
two  photons  to  arrive  at  the  detector  at  the  same  time  is  small.  This  is  a  uniquely 
quantum-mechanical  effect,  which  was  first  observed  for  Na  atoms  in  a  low- 
density  beam(59).  For  a  single  molecule,  antibunching  is  easy  to  understand  as 
follows.  After  photon  emission,  the  molecule  is  definitely  in  the  ground  state  and 
cannot  emit  a  second  photon  immediately.  A  time  on  the  order  of  the  inverse  of  the 
Rabi  frequency  must  elapse  before  the  probability  of  emission  of  a  second 
photon  is  appreciable.  The  antibunching  in  single-molecule  emission  was  first 
observed  at  IBM  for  pentacene  in  p-terphenyl(45),  demonstrating  that  quantum 
optics  experiments  can  be  performed  in  solids  for  the  first  time  (see  Fig.  7).  Of 
course,  if  more  than  one  molecule  is  emitting,  the  antibunching  effect  as  well  as 
the  bunching  effect  both  quickly  disappear  since  the  molecules  emit  independently. 
This  is  further  proof  that  the  spectral  features  are  indeed  those  of  single  molecules. 
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FIGURE  8.  Examples  of  dispersed  fluorescence  spectra  showing  even  ground-state 
vibrational  mode  frequencies  and  intensities  for  two  molecules  of  terrylene  in 
poly(ethylene).  Upper  case:  Molecule  probably  located  In  a  crystalline  region;  lower  case; 
amorphous  region.  See  Ref.  (47). 

9.  VIBRATIONAL  MODES  OF  INDIVIDUAL  MOLECULES 

Until  recently,  all  SMS  studies  utilized  the  total  fluorescence  excitation 
technique  where  all  long-wavelength-shifted  photons  passing  through  a  long-pass 
filter  are  detected.  With  the  addition  of  a  grating  spectrograph  and  a  CCD  array 
detector,  vibrationally  resolved  emission  spectra  from  single  molecules  both  in 
crystals (46)  and  in  polymers(47)  have  been  obtained.  Such  experiments  may  also 
be  regarded  as  resonance  Raman  studies(48),  since  the  laser  is  in  resonance  with 
the  0-0  electronic  transition,  and  even-parity  vibrational  modes  of  the  ground  state 
are  detected  by  measuring  the  shift  between  the  laser  wavelength  and  the 
wavelength  of  the  emission  peak.  The  ability  to  examine  vibronic  or  vibrational 
features  of  individual  absorbers  can  generate  specific  details  about  the  identity  of 
the  absorber  and  the  nature  of  the  interactions  with  the  nanoenvironment 
producing  shifts  or  intensity  changes  in  the  vibrational  spectrum(48). 

Figure  8  shows  typical  dispersed  fluorescence  spectra  for  two  different  single 
molecules  of  terrylene  in  poly(ethylene)  at  1.6  K.  In  addition  to  small  (=  cm"^) 
shifts  and  intensity  changes  of  various  modes  from  molecule  to  molecule,  two 
rather  different  classes  of  spectra  were  observed(47)  as  shown  in  the  upper  and 
lower  parts  of  the  figure.  After  considering  various  possibilities,  we  concluded  that 
the  upper  type  of  spectrum  resulted  from  a  terrylene  molecule  near  or  inside  the 
crystalline  region  of  the  polymer,  while  the  other  spectrum  resulted  from  a  single 
terrylene  located  in  an  amorphous  region.  Such  results  demonstrate  the  wealth  of 
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spectroscopic  detail  that  can  be  obtained  from  individual  molecules  and  used  to 
probe  truly  local  aspects  of  the  structure  of  amorphous  solids.  For  example,  the 
lowest  frequency  mode  in  Fig.  8  is  a  long-axis  ring  expansion  of  the  molecule;  the 
shift  to  lower  energy  in  the  amorphous  site  can  be  understood  as  resulting  from  the 
reduced  local  density  (greater  free  volume)  compared  to  the  crystalline  site.  Such 
measurements  should  stimulate  new  theoretical  calculations  of  the  spectral 
changes  which  result  from  specific  local  distortions  for  comparison  with  the 
single-molecule  spectra. 

10.  MAGNETIC  RESONANCE  OF  A  SINGLE  MOLECULAR 

SPIN 

Historically,  the  standard  methods  of  electron  paramagnetic  resonance  and 
nuclear  magnetic  resonance  have  been  limited  in  sensitivity  to  about  10^  electron 
spins  and  about  10^^  nuclear  spins,  respectively,  due  chiefly  to  the  weak 
interaction  between  the  individual  spins  and  the  rf  electromagnetic  fields  used  to 
excite  the  transition.  Using  a  combination  of  single-molecule  optical  spectroscopy 
and  optically  detected  magnetic  resonance  (ODMR),  two  groups  have 
independently  observed  the  magnetic  resonance  transition  of  a  single  molecular 
spin  for  the  first  time(40)(41)  using  the  pentacene  in  p-terphenyl  model  system.  In 
essence,  ODMR  allows  higher  sensitivity  because  the  weak  spin  transition  is 
effectively  coupled  to  a  much  stronger  optical  transition  with  oscillator  strength 
near  unity.  The  method  involves  selecting  a  single  molecule  with  the  laser  as 
described  in  Section  2  and  monitoring  the  intensity  of  optical  emission  (here, 
fluorescence  from  the  first  excited  singlet  state)  as  the  frequency  of  a  microwave 
signal  is  scanned  over  the  frequency  range  of  the  triplet  spin  sublevels^.  Since  the 
emission  rate  is  dependent  upon  the  overall  lifetime  of  the  triplet  (bottleneck)  state, 
the  emission  rate  is  affected  when  the  microwave  frequency  is  resonant  with 
transitions  among  the  triplet  spin  sublevels. 

Figure  9  shows  examples  of  the  1480  MHz  magnetic  resonance  transition 
among  the  Tx-T^  triplet  spin  sublevels  at  1.5  K  for  a  single  molecule  of  pentacene 
in  p-terphenyl,  where  the  signal  plotted  is  the  change  in  the  fluorescence  emission 
rate  as  a  function  of  the  applied  microwave  frequency (40).  Traces  (a)  and  (b)  show 
the  lineshapes  when  many  pentacene  molecules  are  pumped  by  the  laser,  where  Oj 
and  O2  refer  to  two  of  the  four  possible  substitutional  sites  for  pentacene  in  the 
host  crystal.  Traces  (c)-(g)  show  the  single-molecule  lineshapes  for  four  different 
single  molecules.  An  interesting  observation  is  that  the  onset  of  the  transition 
varies  from  single  molecule  to  single  molecule,  in  a  fashion  similar  to  the 
difference  in  onsets  for  the  two  inhomogeneously  broadened  site  origins.  As  is  the 


3.  Essentially,  the  triplet  state  of  a  molecule  is  formed  by  two  unpaired  electrons  with  spin  parallel 
to  each  other  leading  to  a  net  electronic  spin  of  1.  In  zero  external  magnetic  field,  the  triplet  state 
splits  into  three  spin  sublevels  due  to  the  anisou-opy  of  the  molecular  electronic  wavefunction  and 
the  magnetic  structure  of  the  nearby  environment. 
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FIGURE  9.  Single-spin  magnetic  resonance  for  pentacene  in  p-terphenyl  at  1 .5  K.  The 
Fluorescence  Detected  Magnetic  Resonance  (FDMR)  signal  is  shown  as  a  function  of  the 
microwave  frequency  applied  to  the  sample,  (a)-(b)  The  T  -T^  transition  for  a  large 
number  of  molecules  for  sites  Oi  and  O2.  (c)-(g)  A  selection  of  single  molecule  magnetic 
resonance  llneshapes. 

case  for  large  N,  the  lineshape  of  the  microwave  transition  for  a  single  spin  is 
broadened  by  hyperfine  interactions.  This  occurs  because  many  different 
configurations  of  the  proton  nuclear  spins  in  the  molecule  are  sampled  on  the  time 
scale  of  the  measurement  of  the  triplet  state  transition.  In  contrast,  in  the  large  N 
experiment,  an  ensemble  average  is  measured  rather  than  a  time  average. 

These  observations  open  the  way  for  a  variety  of  new  studies  of  magnetic 
interactions  in  solids  at  the  level  of  a  single  molecular  spin  such  as  the  use  of 
external  magnetic  fields  or  deuteration  to  reduce  proton  spin  flips  and  hence  the 
hyperfine  broadening.  Already,  single-spin  coherence  has  been  observed(42), 
because  no  matter  what  time  the  molecule  enters  the  triplet  state,  the  start  of  the 
microwave  irradiation  provides  a  zero-time  reference  so  that  the  signals  from 
subsequent  entries  into  the  triplet  state  can  add  coherently.  In  future  work,  the 
properties  of  amorphous  organic  materials  may  be  studied  in  greater  detail,  as  the 
selection  of  a  single  molecular  spin  removes  all  orientational  anisotropy  as  well  as 
all  inhomogeneous  broadening.  Imaging  on  the  spatial  scale  of  a  single  molecule  is 
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possible  with  a  sufficiently  large  magnetic  field  gradient.  The  power  of  magnetic 
resonance  in  general  in  the  study  of  fine  and  hyperfine  interactions,  local  structure, 
and  molecular  bonding  can  now  be  enhanced  with  these  first  demonstrations  of 
useful  sensitivity  in  the  single-spin  regime. 

11.  OUTLOOK 

The  attainment  of  SMS  in  solids  opens  up  a  new  frontier  of  single-absorber 
experiments  in  which  the  measured  properties  of  the  absorbing  center  are  not 
averaged  over  many  “equivalent”  absorbers.  The  significance  of  such  experiments 
is  fourfold.  First,  the  properties  of  a  single  absorber  are  measured  without 
ensemble  averaging,  which  means  that  tests  of  specific  theoretical  models  are 
much  stronger.  Second,  the  sensitivity  to  specific  properties  of  the 
nanoenvironment  such  as  the  local  phonon  modes  and  the  true  local  fields  is 
extremely  high.  This  means  for  example  that  the  identity  of  the  mysterious  two- 
level  systems  in  amorphous  materials  may  finally  be  determined.  Third,  it  provides 
a  window  into  the  spectral  hole-burning  process  on  a  molecule  by  molecule  basis. 
Thus,  the  exact  local  coupling  through  which  optical  pumping  of  a  single  molecule 
gives  rise  to  changes  in  the  nanoenvironment  which  shift  the  resonance  frequency 
may  be  studied.  Fourth,  this  regime  is  essentially  unexplored,  which  means  that 
surprises  and  unexpected  physical  effects  can  occur  (such  as  the  observation  of 
spectral  diffusion  in  a  crystal). 

While  as  a  general  technique  SMS  is  not  applicable  to  all  molecular  impurities, 
it  can  be  applied  to  the  large  number  of  absorbing  molecules  (and  perhaps  ions)  in 
solids  that  have  zero-phonon  transitions,  reasonable  absorption  strength,  and 
efficient  fluorescence.  The  detectability  of  the  resulting  single-center  signal,  which 
ultimately  depends  upon  the  specific  sample  and  weak  or  absent  spectral  hole- 
burning,  must  be  evaluated  in  each  case.  SMS  signals  should  be  observable  at 
higher  and  higher  temperatures  if  the  concentration  and  background  are  both 
reduced  sufficiently.  One  method  for  doing  this  may  be  to  use  near-field  excitation 
to  reduce  the  scattering  volume  and  increase  the  single-center  signal.  First  results 
combining  near- field  excitation  with  (low- temperature)  SMS  have  recently  been 
reported(60). 

Other  fascinating  future  experiments  may  be  contemplated  based  on  the 
examples  presented  here.  Detailed  study  of  the  spectral  diffusion  process  in 
crystals  and  polymers  will  help  to  eventually  identify  the  actual  microscopic 
nature  of  the  two-level-systems.  Nonlinear  spectroscopy  to  measure  the  AC  Stark 
effect  for  a  single  isolated  molecule  may  also  be  performed.  With  the  proper 
choice  of  lifetimes,  one  would  expect  quantum  jumps  and  other  processes 
observed  for  single  ions  in  vacuum  electromagnetic  traps  to  become  directly 
observable.  The  door  is  also  open  to  true  photochemical  experiments  on  single 
absorbers  and  even  the  possibility  of  optical  storage  using  single  molecules.  Future 
efforts  to  increase  the  number  of  probe-host  couples  which  allow  single-molecule 
spectra  will  lead  to  an  even  larger  array  of  novel  experiments. 
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One  novel  experiment  that  is  now  possible  would  be  to  use  the  emission  from  a 
single  molecule  as  a  light  source  of  sub-nm  dimensions  for  near-field  optical 
microscopy(60).  Of  course,  this  would  involve  the  technical  difficulty  of 
placement  of  the  single  molecule  at  the  end  of  a  pulled  fiber  tip.  Another 
possibility  would  be  to  perform  cavity  quantum  electrodynamics  studies  with  a 
single  molecule  in  a  solid.  In  all  cases,  improvements  in  SNR  would  be  expected 
to  open  up  a  new  level  of  physical  detail  and  possibly  new  applications.  Because 
this  field  is  relatively  new,  the  possibilities  are  only  limited  at  present  by  the 
imagination  and  the  persistence  of  the  experimenter  and  the  continuing  scientific 
interest  in  the  properties  of  single  quantum  systems  in  solids. 
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